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Abstract
A study of the Ion behaviour in the HBTXlA/B Reversed Field Pinches (RFP’s) 
is presented. A comparison of measured and calculated energy spectra of the 
neutral deuterium atoms emitted from the plasma enabled the deuterium ion 
temperature to be measured and its radial profile estimated. The measured ion 
temperatures of 80.0eV to 600.OeV cannot be explained by collisional heating of 
the ions by the electrons even indirectly through typical (2.0% CV, 2.0% OVl, 
0.1% FeXll) or extreme (9.0% FeXll) concentrations of impurity ions. 
Measurements of the Doppler broadening of carbon ion line emission, CV(2271.0Â), 
enabled estimates to be made of the CV ion temperature of 150.OeV to 450.OeV and 
fluid velocity of 3.0xl0*ms"' to 1.4x10 ms” toroidally. The measured ion 
temperatures are shown to be consistent with the heating power per particle 
being proportional to the particle mass. An ion power balance model is 
described in which it is assumed that the excess power input into the plasma
above the Ohmic heating power into the electrons, typically 6.0MWm”^on average,
heats the ions locally through the damping of fluctuations. The resistivity 
estimated from a helicity balance model can be made to agree with the Spitzer 
value only if the excess toroidal loop voltage due to helicity loss at the 
plasma boundary is included. Ion energy losses are calculated from the relative 
neutral deuterium density profile assuming equal ion  ^and electron energy and 
particle diffusion coefficients of typically 50.0m s on axis. Using this model 
the calculated ion temperature profile and ratio of ion to electron temperature, 
Ti/Te, are consistent with those measured over a wide range of conditions.
Ti/Te is predicted to increase with increased helicity loss at the plasma edge. 
This was demonstrated by insertion of a tile into the plasma edge which
increased Ti/Te from 1.0 with limiters to 2.0 and by removal of the limiters
which decreased Ti/Te to 0.5 to 0.3 as predicted. A review of ion heating
mechanisms indicated that ion heating by viscous damping of fluctuations is the 
most likely candidate. Estimates of the order of the viscous heating power
using measured fluctuation levels are of the required magnitude. It is
concluded that the ion temperatures observed can be explained if the power input 
to the fluctuations associated with the RFP 'dynamo' heats the ions through the 
viscous damping of these fluctuations.
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Introduction.
This thesis presents a study of the ion behaviour in the HBTXIA/B 
reversed field pinches. The reversed field pinch (RFP) is a class of device 
for the heating and confinement of plasma, which has properties making it 
worthy of study as a means of achieving controlled thermonuclear fusion. At 
present the Tokamak device provides the most successful means of reaching high 
temperatures, densities and energy confinement times but it is not certain 
that the Tokamak will make an efficient reactor, and, therefore the study of 
alternative configurations is important. The RFP, both theoretically and 
experimentally, is able to achieve a higher value of p, the ratio of plasma 
kinetic to magnetic pressure, than a Tokamak, thus placing less demand on the 
engineering requirements of the field coils. It is also believed that it 
would be possible to heat a RFP reactor to ignition by Ohmic heating alone, 
whereas in the Tokamak it is perhaps necessary to use additional external 
heating systems. For these reasons there is a need to investigate the 
properties of the RFP configuration.
To achieve ignition and break-even in a reactor it is necessary to 
confine deuterium and tritium ions at sufficiently high temperature, density 
and energy confinement time. To assess the performance of a configuration one 
must study the factors affecting the energy and particle balances in the 
plasma. It is, therefore, the aim of the present study to determine the 
factors governing ion heating and confinement using a combination of 
experimental techniques, and to compare the results of these investigations 
with the predictions of theoretical models of ion heating and confinement.
Many of the interesting "non-classical" and therefore "anomalous" 
features of the RFP are now believed to be interrelated. The most striking of 
these, non-Spitzer resistance, non-collisional ion heating and the improved
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confinement found with small improvements in the plasma periphery, are here 
experimentally shown to be related. Plasma relaxation to a minimum magnetic 
energy configuration is advocated elsewhere to explain the global behaviour of 
the RFP [Taylor, 1974]. The balance of dissipation, transport, and injection 
of magnetic helicity has been used to explain the resistance anomaly, it being 
a consequence of omitting the fluctuating terms in the Ohm's law for the 
plasma [Schoenberg, 1984]. Recently, helicity loss at an imperfect plasma 
boundary has been advocated as an explanation for a part of the anomalous
resistance and its sensitivity to the edge conditions [Jarboe, 1987]. The
anomalous resistance is associated with an energy flow into the plasma in
excess of that which is dissipated by Ohmic heating of the electrons. This
energy is thought to be absorbed by fluctuations of the plasma. Ion
temperatures in the RFP had been observed at levels far above those expected
from collisional equipartition with the electrons. It is, therefore,
attempted to explain here the observed ion temperatures by associating the 
energy input to the fluctuations with that dissipated into the ions. Few 
measurements of ion behaviour had been made on recent RFP's at the onset of 
this study, and attempts to relate the results to theory were not
comprehensive. It has been the aim of this study to diagnose the ion
behaviour over a range of conditions, and to discover if the results could be
incorporated into developing theoretical models of the RFP.
The basic motivation for the study is presented in Chapter.1. The 
fundamental principle of controlled thermonuclear fusion is explained, then 
the RFP is introduced in terms of its desirable properties of high |3 and the 
possibility of attaining ignition by Ohmic heating alone. The phenomenon of 
field reversal is presented and explained by plasma relaxation to a state of 
minimum magnetic energy and then several proposed mechanisms of field reversal
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are discussed. The helicity balance for the sustained pinch is introduced, 
including the surface term arising from the non-local gauge dependence of the 
helicity. The helicity balance is shown to provide an estimate of the 
resistivity which is insensitive to fluctuations, and which is shown to agree 
with the Spitzer value if the surface term and finite ^ effects are included.
The particle and kinetic energy balances are discussed for the ions, 
electrons, and neutral atoms and the magnetic energy balance is developed for 
a region with an imperfect boundary, analogous to that for the helicity 
balance. The importance of the energy absorbed by the fluctuations in the 
energy balance is stressed. The classical heating terms for the ions and 
electrons are described, and some ideas on ion and electron transport are 
presented.
The status of other work on this topic carried out up to the 
commencement of this investigation is then outlined, and the aims of this 
study and their relevance to the goals of fusion research emphasised.
The experimental investigation of the ion behaviour is described in 
Chapter.2. The diagnostic apparatus implemented by the present author on the 
HBTXIA/B devices is described. A neutral particle analyser was used to obtain 
measurements of the ion temperature on axis by developing an algorithm to 
relate the neutral energy spectral slope to the axial ion temperature, taking 
into account the effects of plasma opacity, and radial profiles of plasma 
parameters. Occasionally, a comparison of the measured and modeled energy 
spectrum enabled estimates of the radial profile of the ion temperature to be 
made. For plasmas with the 156 graphite limiters in position, full centring 
vertical field and normal values of the pinch parameter, 6, the ratio of 
plasma current to toroidal flux, yielded central ion temperatures, T^(0), 
about equal to the central electron temperature, T^(0), over a wide range of
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line average electron densities, [n^], of 1.0x10 m to 5.0x10 m , and plasma 
currents, I,, of SO.OkA to 480.OkA. The scaling of the ion and electron
t
temperatures with [n ] and I,was found by regression analysis to be;
€. T
Ti{0) =  187.2 [n.]-''-^“‘'(x lO ’®[m-®])/J“ ^(xlO^[A])
T;(0) =  213.0 [ne]"°““ (xlO'®[m-®])/°'^«TxlO^[^])
The profile of the ion temperature which gives a best fit between 
the shape of the calculated and measured neutral spectra was found to be;
r ; ( r )  =  7 ; ( 0 ) ( l - r / a ) ^ T “
This should be taken as indicative due to the experimental 
uncertainties involved.
The measured ion temperatures are 10.0 to 100.0 times those 
calculated from collisional equipartition with the electrons under all 
conditions. If indirect heating through collisions with impurities is 
considered at typical impurity concentrations (2.0% CV, 2.0% OVI, 0.1% FeXII), 
calculated deuteron temperatures are insignificantly increased, and at extreme 
impurity concentrations (9.0% FeXII), the measured temperatures are still 5.0 
times those calculated for the deuterons. It is concluded that a 
non-collisional ion heating mechanism is operating in HBTXIA/B.
In addition to the ion temperature measurements made by analysis of 
the neutral atom energy spectrum, the ion temperature and fluid velocity of 
the carbon (CV) impurity ions and the deuterium (DI) neutrals are measured 
from the Doppler effects on the line emission. The measurements on the DI 
neutrals are localised to the edge plasma and yield useful information on the
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influx energy of the neutrals from the wall, which is found to be about 6.OeV.
The measurements of the CV impurity ion temperature give information on the
possible mass and charge dependence of the ion temperature and also give
estimates of the CV ion fluid velocity both poloidally and toroidally. The
CV(2271.oX) line profile can be fitted with a double Gaussian line profile:
this may be interpreted as a crude representation of the radial profiles of
the CV ion intensity, temperature, and fluid velocity. In plasmas of I^  =
200.OkA, 0 = 1.35, the ion temperatures, and fluid velocities associated with
3  -J 3
the two Gaussians are typically 150.OeV and 450.OeV and 4.0x10 ms and 14.0x10
ms  ^ The range of toroidal rotation velocities observed for the hotter
3 —I 3 —1
component is 3.0x10 ms to 14.0x10 ms . These results have been interpreted in 
various ways: in terms of direct ion heating; the deuterium ion fluid
velocity on axis; the resultant range of plasma potential; and the 
consequences of the rotation on the stabilisation of modes in the thin shell 
operation of the RFP. The direct Ohmic heating of the ions due to the 
rotation is shown to be negligible for the deuterons (assuming the same 
rotation velocity for the CV ions and the deuterons) and possibly to result in 
a slight enhancement of the CV ion temperature above that due to other ion 
heating sources. The collisional exchange of momentum between the various 
plasma constituents is considered in order to establish the relation between 
the CV and Dit fluid velocities, at least on axis. The model is for an 
infinite, homogeneous, unmagnetised plasma and is only an approximation of the 
conditions on the plasma axis. The measured direction of the CV ion rotation 
can only be reproduced if a finite momentum confinement time is introduced for 
the electrons. To reproduce the experimentally determined current density, 
the reduction in the electric field, due to the fLwid fluctuations and the 
helicity loss at the plasma boundary, must be included if a realistic Z is to
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be used. Under these assumptions the deuteron^velocity can be related to that 
of the CV ions. The plasma potential and the radial electric field are 
calculated from the radial force balance. The central value of the plasma 
potential with respect to the edge is found to be between 150.0+/-175.OV: 
the range of possible values is large because of the range of values and
uncertainties on the measured parameters. The consequence of the measured
value of the toroidal rotation is discussed in terms of its effect on the
stabilisation of plasma instabilities in the RFP in the case of the proposed
RFP operation with the 'thin' resistive shell. The measured toroidal rotation 
velocities are not sufficient to stabilise the ideal resistive wall modes 
(modes that are stable in the presence of a perfectly conducting shell and 
unstable in the presence of a resistive shell) but are sufficient to stabilise 
resistive wall tearing modes. There is no way of ascertaining if the rotation 
velocity measured in the presence of the thick shell with the limiter tiles in 
position would differ greatly when operating with the thin shell surrounding 
the plasma and/or with the limiter tiles removed. With the removal of the
limiters a coherent mode dominated the magnetic fluctuations in 5.0% of the
plasmas. This is attributed to an ideal on axis kink mode. Theoretically 
this mode could result in 'mode locking' which would bring any fluid motion 
abruptly to rest. It would be interesting to measure the CV rotation velocity 
under these conditions.
In Chapter.3. a model of the ion energy balance, which was 
developed by the author and co-workers, is described. This model assumes that 
the power input to the plasma remaining after Ohmic heating of the electrons 
heats the ions locally, this power is associated with the power input to the 
fluid fluctuations which are thought to sustain the field profile against
resistive decay and helicity loss at the plasma boundary and to result in the
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observed "anomalous" resistance. The ion energy losses are modeled by 
assuming diffusive ion energy losses and equating the ion energy diffusion 
coefficient to the ion particle diffusion coefficient. The ion particle 
diffusion coefficient is obtained from the ion particle balance equation 
assuming diffusive ion particle losses; the relative neutral density profile 
is obtained from the Monte-Carlo model of neutral transport; and the 
resulting ion diffusion coefficient is normalised using a novel method. The 
electron energy losses are thought to be both diffusive and conductive, the 
measured electron temperature profile is flat in the central region of the 
plasma, and, therefore, it is assumed that the diffusive electron energy loss 
dominates the^ energy loss near the axis. The electron power input f-rom- Ohmic 
heating is known on axis, and thus the electron energy diffusion coefficient 
could be calculated on axis. Assuming that the electron energy and particle 
diffusion coefficients are equal, and by appealing to ambipolarity, the ion 
energy diffusion coefficient could thus be normalised. The resulting ion 
temperature profile is compared with that found to give the best fit to the 
neutral energy spectrum and a good agreement is found. The model reproduces 
some of the scaling properties of the data. The ratio of the central ion to 
electron temperature is seen to be independent of the electron density on axis 
and to increase with the loss of helicity at the plasma boundary at a fixed 
plasma current. The helicity dissipation at the boundary increases with, 6, 
the amount of magnetic flux intersecting the wall, and the edge electron 
temperature. To test the hypothesis that this edge loss of helicity requires 
that an additional toroidal voltage is necessary to sustain a fixed plasma 
current, a graphite tile is inserted into the plasma boundary. The toroidal 
voltage required to sustain the plasma current is found to increase in 
proportion to the magnetic flux which is intercepted by the tile, and the
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calculated potential difference across the tile. The increase in the power 
input to the plasma above Ohmic heating of the electrons is found to result in 
an increase in T(0) /’^(O) both experimentally and in the model calculations. 
This lends support to the hypothesis that the power input to the flvW 
fluctuations heats the ions by some dissipative mechanism. The effect of the 
radiated power loss from the electrons and the ion depletion by impurities on 
these measurements is considered and is found not to explain the observed 
increase in T(0)/'^(0), lending support to this hypothesis. The limitations of 
this model are also pointed out.
It is the aim of Chapter.4. to review both the previous
experimental measurements of the ion temperature in the RFP and other
magnetically confined plasmas and the explanations put forward to explain
these results, and to review various possible dynamical mechanisms which could
lead to the ion heating observed. It is found that measurements of the ion
temperature in RFP’s other than HBTXIA/B are sparse. These experiments
usually confirm the results presented in the present study, if account is
taken of the limitations of the original interpretation of the data. In some
cases the results augment the measurements presented in this thesis, e.g. the
impurity ion temperature measurements made on Zeta [Jones, 1962]. There is
not always a consensus that the ion heating observed is "anomalous"; the term
is used here to mean that the temperatures observed are much higher than those
that would result from collisional equipartition with the electrons, and not
that the ion temperature is necessarily higher than the electron temperature.
This is, of course, a clear indication of additional ion heating other than
through collisional equipartition with the electrons, 
of
Most^the ion heating mechanisms reviewed have a limited or 
negligible effect. Either the criterion for excitation of the instability
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leading to the heating are not satisfied or the instability is stabilised by 
shear in the magnetic field, other mechanisms would produce negligible ion 
heating. The mechanism which is most likely to be producing the ion heating 
in the RFP is the viscous damping of the high level of fluctuations observed 
in the plasma parameters. An estimate of the ion heating rate resulting from 
viscous damping of typical levels of fluctuations is of the order of that 
required to account for the ion heating rates determined experimentally. 
These calculations are of a simple nature and require further theoretical 
development and further comparison with experimental data if this heating 
mechanism is to be more closely identified as that producing the ion heating 
in the RFP.
It is the conclusion of this chapter that the results presented in 
this thesis are supported by the earlier measurements of ion temperature in 
the RFP if the interpretation of the results of other workers is critically 
assessed. There is evidence that ’anomalous” ion heating, as defined above, 
is often observed in magnetically confined plasmas. The mechanism which is 
most likely to be producing the ion heating observed is viscous damping of the 
fluctuations in the plasma parameters. Further work, both theoretical and 
experimental is required to offer additional support to this conclusion.
In Chapter.5. the results of these investigations are summarised, 
and the main conclusions of the work presented. Where possible, suggestions 
for the further development of this work are made. Some of these developments 
may enable more detailed theoretical models of the ion heating and confinement 
to be compared with forthcoming experimental results.
There follow appendices which supplement detailed or supportive text 
to the main body of the thesis. Appendix.1. presents a derivation of the 
helicity balance in the RFP including surface terms. Appendix.2. presents a
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derivation of the magnetic energy balance in the RFP including surface terms. 
Appendix.3. describes a multi-chord, multi-channel, high resolution echelle 
spectrometer developed by the author for the measurement of spatially resolved
ryicLfiQnal
ion temperature and fluid velocity measurements in the HBTXIB RFP. This^ is 
included for completeness as the device was not successfully implemented by 
the author in its full form but may be by other workers at a later date.
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1 The Reversed Field Pinch.
1.1 Introduction.
This chapter aims to outline the motivation for this study of ion 
behaviour in the Reversed Field Pinch. In section.1.1.1. the fundamentals of 
controlled thermonuclear fusion are presented. In section.1.1.2. the principle 
of magnetic plasma confinement is introduced, and the basis for confinement in 
toroidal magnetic fields are presented in section.1.1.3., the distinction being 
made between different classes of configuration. In section.1.2. the physics 
of the Reversed Field Pinch is outlined to the degree necessary to interpret the 
results of the experimental investigation of the ion behaviour presented in this 
thesis. In section 1.2.1 the equilibrium and the stability of the plasma in the 
reversed field pinch is discussed. Its theoretical and experimental stability 
at high p makes it worthy of further investigation. It is briefly contrasted to 
the Tokamak configuration in these respects. A short history of the development 
of these devices is presented in section.1.2.2. The early evidence of field 
reversal is mentioned and the necessity for a field reversal mechanism known as 
the ’RFP Dynamo’ is demonstrated. In section.1.2.3. the phenomenon of field 
reversal is discussed as a consequence of relaxation of the plasma to a minimum 
magnetic energy configuration. The helicity of a plasma in toroidal geometry is 
defined in section.1.2.4. and the sustainment of the plasma current is shown to 
be represented by a balance of the dissipation and injection of the helicity of 
the plasma. In section.1.2.5. the evidence for sustained reversal is presented 
and the necessity for a mechanism of field reversal is explained. Several 
proposed mechanisms of field reversal are briefly outlined in section.1.2.6.
In section.1.2.7. the balances of particles, particle energy, and
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magnetic energy are introduced. The particle balance is described briefly and 
the results of experimental investigations of the particle transport are 
mentioned where they lend support to the arguments presented here. The magnetic 
energy balance is introduced as a means of accounting for the energy flow in the 
plasma. The importance of the correct definition of the Ohm's law for the 
plasma, if one is to calculate heating rates, is stressed. Spitzer’s expression 
for the resistivity is seen to be inadequate to explain the observed resistance 
of the plasma if the yx^ term in the Ohm's law and fluctuations in the plasma 
parameters are neglected. The helicity balance is shown to provide a means of 
determining the resistivity of the plasma which is insensitive to these 
fluctuations. The fluctuations are shown to be able to contribute significantly 
to the energy balance. The energy balance is therefore not a useful route to 
determining the plasma resistivity. It is noted that the energy passing into 
and out of the fluctuations of the plasma is related to the ji profile of the 
plasma and the departure of the plasma from the theoretical F/0 curve predicted 
using the BFM^. Is is mentioned that the energy passing into the fluctuations 
represents a substantial fraction of the total power input and that this energy 
may be available to account for the anomalously high levels of ion heating often 
observed in RFP plasmas.
The magnetic energy and helicity balances for the plasma are developed 
for cases where the plasma boundary is not a flux surface. The importance of 
the possibility of the loss of plasma helicity through this imperfect boundary 
is stressed. Experimental results are presented which indicate that this loss 
can account for a fraction of the observed resistance in the RFP. An increase 
in the loss of helicity at the plasma boundary must be compensated by an 
increase in the loop voltage necessary to maintain the plasma current. This is
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seen to result in enhanced energy input to the fluctuations and possibly to 
enhanced ion heating.
Particle and energy transport is briefly discussed. The ion heating 
resulting from the collisions! energy exchange between the ions and the 
electrons is then presented. There follows,in section.1.3., a brief discussion 
of the status of other work in the field at the onset of this investigation and 
then the aim of this investigation is clearly stated in section.1.4.
1.1.1 The Motivation for Fusion Research.
The motivation of research into controlled thermonuclear fusion is to
\
provide a cheap, reliable, widely distributed, abundant, and pollution free 
source of energy [Gill, 1981]. The increase in binding energy per nucleon with 
increasing nucleon number for light nuclei, A<50, leads to reactions involving 
fusion of light nuclei being exothermic. The Coulomb repulsion between 
approaching nuclei leads to a reasonable reaction rate, <<r.v>[m^s ], only at 
high collision energies. The most favorable reaction is;
A.R.Field. Ion Behaviour in the HBTX1A\B Reversed Field Pinch. Page.16.
Id  +? T H, (Q = Z.hMeV) +J n (Q = U.lMeV), Q = -1.1
< c . v  > =  4.2 X a t  20.0keV
=  8.5 X a t  100.0/teV
<<5'.v>, the Maxwellian averaged rate coefficient, is shown in fig. 1.1, 
as a function of temperature (kT[K] = eT[eV]) for the two most promising 
reactions. At these temperatures atoms are highly ionised and therefore in the
-21
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Fig.1.1. The nuclear reaction rate <tf.v>(ai a J for Maxwellian D-D and D-T 
plasmas as a function of temperature, T(keV], [Gill, 1961].
plasma state. For economical power production the power produced from the 
plasma must be at least equal to the power needed to sustain the plasma, proper 
account being taken of the efficiency of the system. For a plasma of electron
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density n^[m ] and electron temperature equal to the ion temperature , T[eV], 
the power loss in steady state, P^ [Wm ^ , is defined as ;
- - - 1.2
where [s] is the energy confinement time due to convection, conduction ,line
and free-bound radiation. In addition there will be radiation losses due to
—3
bremsstrahlung, P^  [Wm ], given by;
Pt =  2.09 X 10""®Ze// n l  [Wm-®] ^
where Z^is a function of the effective charge state of the plasma. The power
-3
produced from fusion reactions, P^ fWm ], is given by;
P n  =  y  n \  <  (J.v >  Q  e/4
y  =  2 . 0  f  o r  D D  -1.4
=  1.0 f o r  ( D  +  T )
For break-even we have;
A  + -f/< +  ^ 6 + -Pn)
-1.5
where z is the efficiency for the total cycle. This gives Lawson's criterion
-3
[Lawson, 1957] for break-even on n^ tr^[m s] as a function of T[eV] as;
S e T
 ^ y < a . v > e Q  ^ ^ “1.6
1 - z 4
For ignition, the power deposited by confined reaction products must be 
sufficient to heat the plasma unaided. This gives the inequality;
Pfic ^  P b  P i  -1.7
giving;
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3eT
> y«r.v>Qnc _  Q  Jl/2 
4
-3
where P [Wm ] and Q JeV] are the power and energy per nuclear reaction confined 
me me
in the plasma. The regions in (n^t^ T) space for which break-even and ignition 
criterion are satisfied are shown in fig.1.2. At a temperature of 20.0keV only 
regimes of normal and ultrahigh pressures are favorable. Reasonable power
30 -3
densities are found at densities of 3.0x10 [m ] requiring confinement times of 
greater than 1.0 sec. and pressures of few times atmospheric pressure.
1.1.2 Magnetic Containment.
The Lorentz force on a charged particle in a uniform magnetic field 
B[T] confines its path to a helix about the lines of force [Stacey, 1981]. Thus 
magnetic fields can be used to isolate plasma from a vacuum vessel and contain 
the plasma. For containment the magnetic pressure must be at least equal to the 
plasma pressure; the ratio of these pressures, p, defined by;
P  =Plasma pressure [Nm~'^] 
o _  P  _  OyLoUeT /io ^Permeability of free space [TmA~^\
Um ~  Um =Plasma magnetic energy density [Jm~^] "I -9
B  =Magnetic induction field [T]
is a measure of the efficiency of the confinement of a configuration. It can be 
shown from the magnetohydrodynamic equations that there can be no equilibrium 
for a plasma of finite extent and small mass without the application of external 
fields. The high magnetic field pressures produce forces on the coils and 
mechanical structure of any configuration and, therefore, there are severe 
economic constraints in having p less than 5.0% to 10.0%. Transport of energy 
and particles along the field can be made less of a problem by adopting a 
toroidal geometry where field lines can close on themselves eliminating the end 
losses associated with linear devices.
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Fig.1.2. The Lawson product, nf [m s], for Maxwellian D-D and D-T plasmas
€E
as a function of temperature, T(eV), for break-even and ignition 
criterion, [Gill, 1981].
1.1.3 Toroidal Magnetic Confinement Devices.
Fig.1.3. defines the coordinate system used when discussing toroidal 
devices. The radial confinement of plasma pressure can arise from the 
interaction of fields and currents in the plasma. The radial force balance of a
A.R.Field. Ion Behaviour in the HBTX1A\B Reversed Field Pinch. Page.20.
k, 6.
or
(r,9,Z)
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Fig.1.3. Toroidal, (r,9,^), and cylindrical, (r,9,z), coordinate aystems.
stationary conducting fluid is;
J  =  Current density [Am~'^] 
(J x B )r =  (V P )r  ( =  Radial component
P  =Plasma pressure [N m ~ ‘^ \
- 1.10
Devices confining plasma in this way are toroidal pinches [Robinson, 
1981]. The toroidal field, , provided by a set of external coils, is added to 
suppress gross MHD instabilities. The poloidal field ,Bg, is generated by the 
plasma current which can be driven inductively or otherwise, e.g. lower hybrid 
current drive, and heats the plasma Ohmically. Any toroidal vacuum field will
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vary as;
J R  =Distance from major axis [m]
B^[R) =  —^  It =  Total current in toroidal field coils - i . i l
^ linking the torus [A]
as can be found by considering Amperes law applied around the major axis. This 
gradient in would cause an electric field antiparallel to the major axis due 
to Grad B drifts, which then induces an outward ExB drift of the plasma. 
However, the helical field resulting from the superposition of the B^  and B^  
fields causes the current to cancel out this electric field and equilibrium can 
be achieved. Externally applied helical fields are used in other classes of 
devices, e.g. stellarators [Myamoto, 1978] and OHTE [Ohkawa, 1980]. A 
combination of the toroidal current and the plasma pressure produces an outward 
force on the plasma which must be balanced by an externally applied vertical 
field [Noonan et al, 1985] and/or image currents in a conducting toroidal 
stabilising shell. The magnitude of the required vertical field may be found by 
solving the expression for the outward shift due to Shafranov [Mukhovatov, 
Shafranov, 1971];
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dr b
T ^ 2 Ë Z
B .  1
- 1.12
Rrn =  Major radius [m] 
b =  Radius of surface carrying currents [m] 
Tp =  Plasma radius [m]
By =  Vertical field [T]
L  =  P e w  —  {1/2 /,} — 1 
Pew =  Poloidal beta =  
li =  Inductance per unit length
The two main types of toroidal pinch differ in the relative magnitudes 
of the toroidal and poloidal fields and, thus, the rotational transform, t, or 
safety factor, q, where;
%  B ^  
r BXr)
-1.13
For the Tokamak B^>> B^and q ^ 1 everywhere and for the Reversed Field
Pinch Bj- B and q < 1 everywhere, B,reversing in sign in the outer regions of 
9 © 9
the discharge. The field, current and q profiles for the Tokamak and the 
Reversed Field Pinch are shown in fig.1.4.
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Fig.1.4. Magnetic field, B (r) and q(r) profiles for the 
Tokamak and the Reversed Field Pinch.
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1.2 The Reversed Field Pinch.
Here the physics of the RFP is outlined to the degree necessary to 
understand the motivation of the present study of ion behaviour in the RFP, to 
state the level of understanding of the ion behaviour in RFP’s at the onset of
the work, and to present the physics necessary for the interpretation of the
experimental observations. For reviews of RFP research the reader is directed 
to other works [Bodin, Newton, 1980], [Bodin, 1983], [Bodin, 1984], [Bodin, 
Ortolani], [Di Marco, 1983].
1.2.1 Stabilitv and Equilibrium.
For the plasma to effectively confine energy the configuration must be 
in a stable mechanical equilibrium, i.e. a perturbation to the equilibrium 
position of the plasma must decay, rather than grow, in time. The details of 
the analytical theory of this aspect of Reversed Field Pinches are reviewed in 
Brotherton-Ratcliffe [1984] and more generally in Wesson [1981]. In the 
analytic theory known as ideal Magnetohydrodynamics (M.H.D.) the conductivity 
of the plasma is assumed to be Infinite. This can be shown to constrain the
plasma to a subset of the motions possible with finite resistivity, [Field,
1981]. The constraints are essentially topological, the flux linking any closed 
contour in the fluid being constant. The stability of the equilibrium to small 
displacements of the configuration can be analysed in the context of this model, 
the non-linear equations are linearised and an expression obtained for the 
change in potential energy with Increasing perturbation. If a perturbation 
leads to a decrease in potential energy the equilibrium is unstable to the 
perturbation which will grow in time. If the perturbation leads to an increase 
in potential energy the plasma will be stable to the perturbation. This
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analysis can be carried out for two classes of modes, fixed boundary modes and 
free boundary modes [Friedberg, 1982]. The free boundary modes are considered 
of lesser importance in the Reversed Field Pinch (RFP) as the plasma is 
surrounded by a thick conducting shell which aids stability and maintains 
equilibrium on timescales shorter than the resistive diffusion time for flux in 
the shell. Flux changes at the shell produce image currents which oppose flux 
changes through the shell thus damping free boundary modes, e.g. the sausage (m 
= 0, n > 0), kink (m = 1, n > 0) and flute (m > 1, n > 1) modes, where m is the 
poloidal and n is the toroidal mode number. Fixed boundary modes involving 
internal redistribution of the configuration fall into two classes; kink modes 
driven by parallel currents and Suydam modes driven by the interaction of 
pressure gradients and curvature. Suydams criterion [Suydam, 1958] for the 
stability of pressure driven modes at their singular surface is given by;
dp rB^ 
dr 8Pq |l dr
V J
Be 1 -1.14
Thus, if the shear, S , given by;
S =
[L dr
V y
-1.15
exceeds this critical value, pressure driven modes are stable. The 
cylindrical approximation is usually made when considering the stability and 
equilibrium of the RFP because of the low q, q « l . In the Tokamak the high q>l 
can stabilise these modes, toroidicity is therefore an Important factor 
determining Tokamak stability [Bateman, 1978]. Shafranov has shown [Shafranov, 
1970] that if dp/dr < 0 and nq < 1 the instabilities are global, filling the
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entire region of nq < 1. If nq > 1 the modes are stable, thus imposing the
Kruskal-Shafranov limit on low q operation of a Tokamak [Kruskal].
Kink modes are driven by parallel current, their stability being 
dependent upon the profile of pitch , P = R^q. These modes can be shown to be 
unstable at a pitch minimum. If a vacuum region surrounds the plasma in a
pinch, there will be a pitch minimum unless the vacuum toroidal field is
reversed with respect to the axial field. This reversed toroidal field is also 
useful for producing high shear. The RFP configuration can thus be stable to 
these modes at high pressure gradient. It has been shown that possible RFP
configurations exist with;
Æ =  =  31.0% .1.16
which are stable under ideal MHD theory. It can also be shown that for 
stability the total toroidal flux must greater than zero. On axis the shear and 
pressure gradients are zero, therefore,a second order analysis is necessary 
which shows that the second derivative of the pressure must be zero or negative 
requiring a flat or hollow pressure profile for stability [Robinson, 1971].
This inherent stability of the RFP configuration to ideal MHD modes is 
one of the major justifications to pursue the study of the device for the 
purpose of achieving thermonuclear fusion. The inclusion of finite resistance 
into the MHD equations allows field lines to diffuse through the plasma on the 
resistive timescale, [s], [Field, 1981]
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The field is now no longer confined to convect with the fluid, field lines can 
break and reconnect allowing changes of magnetic field topology. Reconnection 
can however occur on timescales much faster than the resistive diffusion time, 
an upper limit to the rate of change of the field being the Alfenic time;
/(47t
t a  =  — —  [5], p  = M a s s  d e n s i t y  [ k g  m ~ ^ ]  -1.18
The inclusion of resistivity into the analysis is^ therefore, expected 
to allow many more types of plasma motion. The treatment of this subject is 
highly complex and, therefore, only the more important consequences of these 
effects to the confinement will be discussed. Treatment of the stability of the 
RFP configuration to the most serious instabilities allowed by resistive MHD
indicates that the RFP may be stable at p greater than 0.1, higher than that
possible in the Tokamak, e.g. 0.035 in JET [Bickerton, 1985]. It is the
possibility of obtaining high p which is a major attraction of the RFP
configuration, leading to the requirement of lower toroidal field for a given 
plasma current, I^, and consequently reduced forces on, and energy consumption 
by, the coils. The plasma currents obtainable with realisable toroidal fields 
should enable heating of the plasma to ignition by ohmic heating by the plasma 
current alone [Bodin, Krakowskii, Ortolani, 1986]. These two considerations are 
Important for the design of a conceptual reactor [Hancox, 1977].
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1.2.2 Field Reversal in the Reversed Field Pinch.
The Reversed Field configuration has been shown to possess desirable 
stability properties due to its high shear and reversed toroidal field and it is 
this which prompted such configurations to be investigated in early studies
[Allen, 1958], [Colgate, 1958], [Afrosimov, I960]. It was in the Zeta device
[Butt, 1958] at Harwell that the most favourable results were obtained with
energy confinement times of 3.0^10.0ms and electron temperatures of 150.OeV.
These results were obtained during a phase of operation where the toroidal field 
reversed at the edge with respect to the axial toroidal field and the 
fluctuation level was reduced, thus the term "quiescent"' was applied to these 
discharges [Burton, 1962], [Butt, 1966], [Robinson, King, 1969]. The important 
observation was that the reversed field appeared spontaneously without the 
application of externally applied fields. This phenomenon may be interpreted as 
a spontaneous redistribution of flux in the plasma which is contained within the 
flux conserving toroidal field coils. This requires the presence of poloidal 
current, J , for which there is no externally applied inductive voltage, V , 
which is required to drive it in a steady state if a simple equilibrium Ohm's
law;
£ =  Electric field [Vm  ^
K +  v x  ^  =  7]J_ V =Fluid velocity[m5“^
77 =Resistivity[nm ] 1.19
applies. It is this self reversal property of the RFP which is most fundamental 
to an understanding of RFP behaviour. The spontaneous generation of the 
poloidal currents requires the operation of a dynamic reversal mechanism within 
the plasma often termed the "RFP Dynamo". This is discussed in detail below.
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1.2.3 Taylor's Theory.
In many of the pinch experiments, after an initial highly turbulent 
phase, the plasma was seen to become more quiescent. The field profiles being 
very similar in form, dependent upon a single parameter, the pinch parameter;
T p h  =Toroidal current [A]
0  =  t i l A— = -----^ > =  Mean toroidal field[T] -1.20
2?fa< B ^ >  < B ^ >  ^ =Minor radius[m]
If 0 exceeded a critical value the toroidal field at the wall was seen to 
reverse. Taylor saw this as an example of the plasma reaching a state of 
minimum magnetic energy, subject to the topological constraints imposed by the 
boundary conditions and the plasma having a small but finite resistivity and 
viscosity [Taylor, 1974], [Taylor, 1977]. It is worth discussing this theory in 
some detail here as recent developments of this theory [Jarboe, W], [Jarboe, 
996(k) ] have arisen during the period of this investigation which have been very 
fruitful in providing a possible explanation of many phenomenon which were 
previously not understood in the RFP.
Woltjer [1958] had used the topological constraint that the magnetic 
helicity, K , defined as;
d p
. A =  Vector potential[rm“ ]^
=  /  A.Bjdv =  constant dv =Volume element [m~ ]^
a, h labels a field line
- 1.21
where B_ =  V/\A
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is a constant for each line of force labeled a,b in a perfectly 
conducting fluid (where the volume integral is taken over a closed system and 
the gauge is chosen so the scalar potential is everywhere zero) to minimise the 
total magnetic energy, W [J];
=  f  B^dv Wjn =Total magnetic energy [J] -1.22
2/zq j
The result is that each field line satisfies the relation;
V a £  =  P a , h B
-1.23
Pa,h =  Constant on each field line
representing force free fields. For the plasma to reach a state of minimum 
energy there must be a dissipative process to damp motion, e.g. viscosity. The 
natural final state of a dissipative motion is a force free equilibrium with no 
consequent plasma motion.
The Invariant K can be shown to represent the constancy of flux linked 
ob
by the field line labeled a,b. This is a natural consequence of the convection 
of flux with the fluid in a perfectly conducting fluid. The final state of the 
plasma is dependent upon the infinity of constraints for the field lines a,b. 
Taylor noticed that in the pinch experiments the final state of the plasma was 
not dependent upon every detail of the initial state but only upon the toroidal 
flux and plasma current, i.e. on 6 the pinch parameter. The resistivity of a 
turbulent plasma allows lines of force to reconnect on timescales short with 
respect to that for flux dissipation, . Taylor comments that this is an
example of non-uniform convergence, the rate of reconnection not decreasing as 
fast as i|, and only being zero for a perfect conductor. The processes of
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reconnection are discussed with respect to resistive instabilities in [Furth,
1963] and at X-point configurations in [White, 1983]. The independent existence
of flux lines is therefore meaningless in a turbulent plasma and the constraints
K may be replaced by a single invariant K for the entire plasma , subject to the 
ok ®
boundary conditions and choice of gauge discussed above, as would be satisfied 
for a plasma in a perfectly conducting toroid. is invariant on timescales
shorter than the resistive decay time and longer than the reconnection time. 
The corresponding equilibrium satisfies;
V a£ =  /z =Constant everywhere - 1 .2 4
The solutions of equation.1.24. in the large aspect ratio cylindrical 
approximation are given by;
B t 2/9 171
Be =  BQj-^[pr) ^ =  —  =  /^OTBT - 1 .2 5
Bz =  BoJolpr)  ^ 1^ 1
The agreement between these Bessel’s Function Model (BFM) fields and experiment 
are shown in fig.1.5. From the BFM the value of 0 at which reversal of the 
toroidal field at the wall is expected to occur can be found. This can be seen 
most clearly by plotting the locus of 0 against F, the reversal ratio, defined 
as;
^  _  Btj,{a) Btf,{a) =  Toroidal field at the wall [T]
< B ^ >  <>=M ean value with radius - 1 .2 6
determined from theory and experiment as in fig.1.6., note the slightly larger 
value of 0 for a given value of F. Reversal is seen to occur experimentally at 
9 values a little larger than the theoretical value. This discrepancy may be
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Fig.1.5. Experimental and theoretical magnetic field, B (r), profiles 
for the HBTXIA Reversed Field Pinch, |Bodin, 1986].
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Fig.1.6. The field reversal ratio, F, as a function of the pinch parameter,
6, for four Reversed Field Pinches operating in different conditions, 
[Bodin, Newton, 1980].
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attributed to the plasma not being completely relaxed. The measured value of 
ji(r) is shown in fig.1.7. to be non uniform, falling off with radius in the
3
'IB I
2
1
0
10 20
r ( c m )
Fig.1.7. The (KIj I/Ib I) profile measured with an insertable probe array 
in the HBTXIA plasma, [Brotherton-Katcliffe, 1983].
outer regions of the discharge. This may be explained in terms of incomplete 
relaxation as will be explained below. The BFM is force free and ,therefore, 
cannot support a pressure gradient. Reconnection of field lines leads to
equalisation of pressure gradients by enhanced transport. It is the balance
obtained between the plasma pressure and field relaxation which determines the
operating p of the RFP and this balance is of interest in the attempts to
understand confinement in the RFP. Attempts have been made to include pressure 
gradients into the theory [Bhattacharjee, Dewar, 1982], [Strauss, 1986], however 
Taylor states [Taylor, 1987] that no convincing, a priori, argument has been
given to determine this pressure gradient.
At higher 0 values ,9 > 1.56, the cylindrically symmetric BFM is no 
longer the minimum energy state. 0 is predicted to saturate and a helical field 
structure is formed which grows in amplitude with increasing volt-seconds. Thus 
the toroidal current saturates and the plasma inductance increases.
A.R.Field. Ion Behaviour in the HBTX1A\B Reversed Field Pinch. Page.34.
1.2.4 The Problem with Gauge,
The assumption in the basic model, as described above, that the 
toroidal shell is a closed perfect conductor places constraints on the system 
that the flux through the shell is constant^everywhere;
B_.ds= constant - 1 .2 7
and that the toroidal flux 0 and the poloidal flux ijr are constant. Under a 
gauge transformation;
A  =  Æ  4- V %  X  =  Scalar potential [V] - 1 .2 8
the helicity K is changed to K * such that; 
o o
^<o-^<o =  J X R . d s  - 1 .2 9
The interior of the torus is a multiply connected region where X may not be
single valued in which case K is not well defined unless;
o
^.ds  =  0 everywhere -1.30
To overcome this problem the helicity for the plasma only, K , may be written
P
[Bevir, Gray, 1980];
Kp = j  A.Bdv - ^ AM j  A.dL
dl =  Short path around the torus -1.31dL =  Long path around the torus
where we have subtracted the linkage of the poloidal and toroidal fluxes from
the total helicity, K . This definition is gauge invariant even foro
multi-valued gauge potentials.
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1.2.5 The Rate of Change of Helicity.
It is shown in Appendix.1. that the rate of change of can be
written;
K p  = 24'$ J  — 2 y  x S . - d s  -l .32 
X =  Scalar potential [ v j  -
where there are gaps in the toroidal shell in the toroidal and
poloidal directions. These gaps allow for changes in the flux linking the torus
in the toroidal and poloidal directions, and, thus, the application of inductive 
voltages to sustain the plasma current in the presence of resistive dissipation.
The first terra represents the increase in helicity due to the inductive voltage,
the second the dissipation of helicity due to resistive decay of the field 
profiles and the final term due to the loss of helicity at the boundary. This 
term has most recently been seen as an important source of the "anomalous** 
resistance found in the RFP and of the consequential degradation in the energy 
confinement.
It was long realised, as stated above, that the maintenance of the 
reversed field on timescales longer than the resistive diffusion time, and 
the spontaneous formation of reversed fields is inconsistent with the assumption 
of a symmetric local Ohm's law;
E - \ - n  t\ B _  =  T)J_ “1.33
This has been shown in several studies [Bodin, Newton, 1980], [Robinson, et al, 
1972], [Caramana, Baker, 1984], to be the case, and is essentially a result of 
the Cowling anti-dynamo theorem [Moffat, 1978] which states that a symmetric
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magnetic field distribution cannot be maintained against resistive diffusion by 
a symmetric velocity field. It is a symmetric velocity field which results from 
the usual assumption of nested flux surfaces evolving through a series of 
equilibrium states.
The decay of the field configuration results in the decay of the 
helicity through the second term in equation.1.32., where;
E_ =  TjJ_
and therefore;
Êp =  J  E.Bdv =  J  rfJ_,Bdv
To maintain the field configuration in a steady state it is necessary to inject 
helicity into the plasma. This can be achieved through the first and third 
terms in equation.1.32. In the RFP it is possible to change the poloidal flux 
linking the torus, as there is a gap in the shell in the poloidal plane, and, 
thus, to induce a toroidal loop voltage, , across the shell gap. This voltage 
is distributed evenly across the plasma surface by a resistive liner and 
maintains the plasma current against resistive dissipation. The rate of change 
of plasma helicity due to this flux change is given by;
=  2$$ =  2T^$ -1.36
The helicity may be seen to be the volt-seconds per unit toroidal flux in the 
plasma. The poloidal flux change is provided by the relative change in the 
primary current with respect to the plasma current. This imposes a limit to the 
time for which a sustained RFP can be operated, due to the eventual saturation 
of flux in the iron core, or a limit to the current carrying capacity of the 
primary circuit. However, it was shown by Bevir & Gray [Bevir, Gray, 1980] that
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a quasi-continuous operation of the RFP may be possible, as a continuous 
injection of helicity into the plasma is possible without a continuous 
consumption of volt-seconds, by the application of suitably phased oscillating 
toroidal and poloidal fluxes. The mean rate of helicity injection being given 
by;
K p  =  2 <C !> “1.37
A detailed discussion of the theory of this technique is given in [Bevir, 
Gimblett, 1985] and a description of experiments carried out with this mode of 
operation in [Schoenberg et al, 1988]. The results of these experiments are not 
conclusive. Phasing the voltages to withdraw helicity produced a marked 
decrease in the plasma current. However, phasing the voltages to inject 
helicity maintained the plasma current. The oscillating voltages were imposed 
upon the usual primary ''crowbar" voltage necessary to maintain a constant plasma 
current. The failure of the technique to increase I^with the correctly phased 
voltages was attributed to increased interaction with the wall in this mode of 
operation. It was thought that this increased the impurity contamination and 
consequently, Z , and the resistivity. Recent theoretical developments may lead 
to a better understanding of this result.
1.2.6 The Mechanism of Field Reversal.
Taylor's theory allows a calculation of the RFP equilibrium field 
profiles using the energy principle. It has been shown that the formation and 
sustainment of the magnetic configuration requires the operation of a dynamical 
mechanism. Here several proposed mechanisms of field reversal are discussed.
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1.2.6.1 Field reversal bv the direct action of instabilities.
Gimblett and Watkins [Gimblett, Watkins, 1975] show that including 
quadratic terms in the resistive MHD equations modifies the equilibrium Ohm's 
law to;
=  E - \ -  o l B -  P I  -1.38
where oCarises from the temporal correlation of the turbulent velocity and 
vorticity and p  arises from the temporal autocorrelation of the turbulent 
velocity. The o6 effect can thus produce currents parallel to the field thus 
driving and the p  effect can act to enhance the resistivity. Both the 
sustainment of reversal and an "anomalous" resistance are observed in the RFP. 
The o L  effect may be seen to generate the reversed field through the convection 
of the field with the fluid motions which possess fluid helicity,through the 
correlation of fluid velocity and vorticity. This is illustrated in fig.1.8. 
The resultant fields are Bessel functions dependent upon 0 and a structural 
parameter s = ao^ ij.
The presence of a single large amplitude kink mode is sufficient to 
generate the reversed field by flux conservation as proposed by Colgate 
[Colgate, 1958]. This was studied both numerically [Colgate, 1958] and in the 
fast programmed RFP's ETA BETA I [Buffa, 1975], FRSX [Butt, 165] and HBTXI 
[Butt, 1975]. The magnitude of the reversed field could be predicted from the 
measured amplitude of the modes.
Hutchinson [Hutchinson, 1984] discusses field reversal as a 
consequence of the inverse reconnection of an m=l resistive instability. The
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Fig.1.6. A diagram illustrating the «-effect, [Gimblett, Watkins, 1975]
resultant redistribution of the flux lowers the magnetic energy and leads to
field reversal provided the island overlaps the reversal surface. The scenario
is similar to the Kadomstev model [Kadomtsev] for disruptions in a Tokamak but
with the process occurring in the opposite sense.
1.2.6.2 Field reversal as a consequence of a non-local Ohms Law.
The presence of plasma resistance allows for the reconnection of field 
lines. The presence of two or more adjacent resistive islands makes the 
field lines wander ergodically through the discharge. Under these
circumstances the assumption of a local Ohm's law is no longer valid. The local 
current density should be calculated from the average electric field along the 
path of an ergodic field line leading to the necessity for a non local Ohm's 
law for the plasma. Turbulence in this case acts to maintain the ergodicity, 
the reversal being a consequence of a non local Ohm's law. This model is the 
basis of the Tangled Discharge Model for the RFP developed by Rusbridge
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[Rusbridge, 1969, 1977, 1980]. This model treats the turbulent field as flux
tubes of perpendicular correlation length L^and longitudinal correlation length 
L reconnecting randomly with adjacent flux tubes. The current is constrained to
ForO-FV-ee. ^
follow the field to differing degrees. The model predictsjFFPM]fields if the
current does not follow the field lines and the BFM if the current only flows
along the field. Field reversal occurs because of the poloidal current driven 
by the total potential difference across the length of the flux tube which
ergodically fills the plasma radius.
A further model based upon field line ergodicity and a non-local Ohm's 
law is proposed by Jacobson and Moses, [Jacobson, Moses, 1984]. In this model 
the electrons are assumed to accelerate in the centre of the plasma and then, as 
a consequence of their long mean free path for scattering, transport parallel 
momentum to the outer regions of the plasma as they follow the ergodic field 
lines. The electron current at the reversal surface providing the poloidal 
current necessary to sustain reversal.
1.2.7 The Particle and Energv Balances.
The RFP has been shown to be capable experimentally and theoretically
to confine plasma at an acceptable value of p. The important plasma parameters
to be achieved in a reactor are T, p, n^,and Experimental and theoretical
investigations aim to define the scaling of these parameters with device
parameters, e.g.; plasma current, Ii;major radius, R ;minor radius, a; safety
T m
factor,q; plasma shape; etc. The economic viability of the confinement 
configuration can thus be assessed. In order to do this it is necessary to 
either model or measure the separate terms in the kinetic energy balance and 
particle balance. The kinetic energy density of the jth species, ,is given
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by;
E .  =
2
j  -er i jT j  [Jm —1.3^
and the kinetic energy balance by;
dEj
dt
for the jth species.
fs j  =  Energy flux [Jm~^s~^]
H j  =  Heating rate [Wm~^]
The particle balance is given by;
^  + [m -1.41
dt
for the jth species.
f j  =  Flux of the jth species
Sj =  Source/sink of the jth species
In a steady state the energy balance for the whole plasma gives;
=  -1 .4 2
Et — Total plasma kinetic energy [ J]
We =  Total heating rate to the plasma \W]
With Et given by;
Ei =  l l  (n ,T . +  Ç n Æ - j dv 
Quasi-neutrality ensures that to a good approximation that;
i =  Ion species 
k =  Charge state
- 1 . 4 3
n e €  =  ^ n i ^ k q k  — 1.44
i,k
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The mix of ion species and charge states is quantified by the parameter which 
is defined as;
=  - 1 . 4 5
such that it can be used directly in calculating the resistance, bremsstrahlung 
radiation, etc., which have this functional dependence upon and Z,-,fc.
It is the aim of this present study of the ion energy balance to 
investigate the dependence of the energy content of the plasma ions and the ion 
energy flux with plasma parameters and thus to gain insight into the possible 
source terms for the heating of the ion species.
1.2.7.1 The Particle Balance.
The particle balance equations form a set of coupled simultaneous 
equations in which the source and sink terms are dependent upon the atomic 
processes of ionisation and recombination, and the influx of particles from the 
wall. The particle flux is, in general, dependent upon all the plasma 
parameters, their gradients, and higher derivatives in time and space. The 
ionisation and recombination processes are dependent primarily upon the local 
density and temperature of the electrons. The energy balance and particle 
balance are thus coupled. Investigations of the mechanisms of the heating and 
transport processes therefore require independent measurement of as many of the 
plasma parameters as possible to determine the relationships of these parameters 
and thus to enable testing of theoretical models of the plasma. Spectroscopic 
investigations of the absolute intensities of line and continuum radiation from 
the plasma have been used to determine the concentrations of the plasma 
constituents as a function of radius. To do this, modeling of the atomic
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processes is required and a knowledge of the electron density and temperature 
profiles. To match the measured radial profiles of emission the impurity flux 
term must be specified. This procedure can thus provide information on the 
transport properties of the plasma. This has been the subject of an extensive 
investigation on the HBTXIA/B RFP’s [Manley, 1988], [Carolan et al, 1987] and, 
where appropriate, results from this work will be quoted in support of the 
arguments presented in this thesis.
The steady state particle balance reached by the plasma will be the 
result of the balance between ionization and recombination, transport processes 
within the plasma, and the recycling of the plasma at the plasma boundary. The 
processes governing the influx at the boundary will depend upon the type of 
boundary and the interaction of the plasma with it; e.g. a separatrix boundary 
as in diverted discharges refueled by gas injection, or a material boundary as 
in the case of present RFP's refueled by the recycling of the plasma particles 
with particles from the wall material. The steady state balance achieved can 
either be controlled by the injection of gas into the boundary, the injection of 
solid and subsequently ablated pellets, or results from the uncontrolled balance 
of transport to the wall and subsequent recycling processes. The active control 
of the density in the RFP is in its infancy at the present stage. The injection 
of gas at the plasma periphery or the injection of solid pellets has been of 
limited success due to the very high recycling rates in the RFP and 
consequential short particle confinement time. This interaction of the plasma 
with the wall material has been the result of extensive studies using 
spectroscopic means on the HBTXlA/B RFP [Patel, 1988]. The influx terms used in 
the present investigation for modeling will be shown to be consistent with 
experimentally determined quantities and to little effect the measurements of
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the ion temperature presented in this thesis.
The particle flux, f^, is, in general, a function of the full range of 
plasma parameters. However, to enable the radial profiles of the spectral 
emission from the plasma to be modeled the particle flux must be described 
analytically and adjusted to match the modeled emission to that measured. To 
enable the experimental results to be compared with theoretical modeling of the 
transport the flux term in the particle balance equation is simplified to have a 
form with the same functional dependence as that derived theoretically. A 
direct comparison can then be made between the theory and experiment. The form 
used by Manley [Manley, 1988] is made up of a diffusive and a convective term;
fj=~Dj'Vnj + vjnj
-1.46
D j  =  Diffusion coefficient of the jth species 
Vj =  Convective velocity of the jth species
these terms being identified with those predicted from the neoclassical theory 
of transport in toroidal geometry [Oshiyama, Masamune, 1983], [Watakami,
Itatami, 1973]. Manley makes best fits to radial profiles of line emission from 
the CV ion state measured with a foil filtered SBD system [Gee, 1988] for 
standard HBTXIB plasmas to that predicted using an impurity transport code, 
SANCOl [Lackner et al., 1982], [Muir, Watkins, 1987]. The values of the
diffusion coefficient and convective velocity obtained are 50.0 m^s ^
— I 2, —I — I
100.0 r/a m s , or D = 100.0 m s  ,v = 0.0 m s for the sustainment phase of the
CV CV
plasma. These values assume constant values for with radius. The influx 
velocity at the wall used was 10.0 ms , given by the mean thermal velocity at 
the wall. This being equivalent to the value obtained by adjusting the influx 
velocity v until the condition;
CV
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Vj =  D j  =  Constant -1.47
at the boundary was satisfied. This value of the influx velocity at the wall is
used in this investigation to determine the deuterium ion temperature at the
wall, the influx velocity was measured spectroscopically. The diffusion
2-1
coefficient obtained (100.0^150.0 m s ) is two orders of magnitude greater than 
those found for Tokamaks which are 2.0 to 3.0 times that predicted by 
neoclassical transport theory [Carolan, Bunting, et al., 1987]. Thus, transport 
of impurities is highly anomalous in the RFP. The diffusion coefficient
obtained by Manley is in broad agreement with that obtained in this study for
the deuterons by another method. The same diffusion coefficients for the 
impurities and the deuterons are routinely used in simulations of Tokamak 
results [Behringer, 1985]. This value for the diffusion coefficient can be used 
to estimate the particle confinement time using;
=  ^  =  10'^ W  -1.48
I =  Length scale [m]
which is of the same order as the energy confinement time. There is also
evidence from this study of the ion energy balance that the diffusion 
coefficient for the ions and the ion energy are similar.
1.2.7.2 The Magnetic Energv Balance.
The magnetic energy in an arbitrary volume is given by;
= J-/
2 u n  J
Wm  - —  I  B  d v  -1.49
/zo
and the time derivative of this energy may be written in the form of a balance 
of magnetic energy;
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dW 1 /* r
"  JTo I ^ -  J "1-5°
d s  =  Element of surface bounding volume [ m ^ ]  
d v  =  Element of volume [m ]^
Poynting's flux through the bounding surface minus the dissipation of the energy
by the currents and electric fields in the volume. This expression is gauge
invariant provided the surface and volume integrals are over the same region.
In appendix.2. a derivation of this is given and also the expression 
is extended to include cases where there is more than the single region of space 
considered above. Consider the total volume labeled T divided into two regions 
A and B. The rate of change of magnetic energy in T is given as;
d W
=  —  f { E A B ) . d s - [  E . J d v  -  f Uo Jt Ja Jb d sd t  fiQ  1.51
X  =  Scalar potential [V]
The first term represents the Poynting's flux into the total volume, the second
the dissipation due to the currents and electric fields in the volume A, and the
final term is the flux of magnetic energy out of A into B due to currents and
potential differences at the boundary between A and B.
The the Poynting's flux through the plasma boundary may be shown as in 
[Bevir, Gimblett, 1985] to be given by;
—  f (E A  B ) . d s  =  —  IgVe 1.52
Mo J t
where V• , V , I,, and I are the toroidal and poloidal loop voltages measured 
T © 9 9
across the shell gaps, the toroidal plasma current, and the poloidal current 
flowing in the toroidal field coils.
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The loop voltages may be measured by the voltages induced in toroidal 
and poloidal loops. The currents may be measured by Rowgowskii coils linking 
the currents to be measured, the current being given by;
-1.53I — —  < B > L,< B > = -----------— f Vdt
Mo <  a >  N J
N =  Number of turns in the coil V =  Voltage across the coil [V] 
<  a > =  Average area of the coil turns [m ]^ L =  Length of the coil [m]
It is thus possible to calculate the energy input into the plasma from
a few simple electrical measurements. The magnetic energy may be written in
terms of an effective inductance for the plasma, L , by;
P
This inductance may be modeled for a given distribution of current and fields. 
In a steady state the magnetic energy and toroidal flux will be constant, the 
energy input from the circuit is therefore balanced by dissipation. In the 
current generation of RFP's this "Ohmic heating*', due to the work done by the 
fields on the plasma, is the only source of heating. To identify the heating 
processes the dissipative term must be investigated.
1.2.7.2.1 Ohm's Law for the Plasma.
The Ohm’s law for the plasma may be written as [Spitzer, 1956];
E V A B_ =  T}J_
V =  Fluid velocity -1.55
Tj =  Resistivity [Ctm ]
Here it is assumed that the ion electron collisional momentum transfer is 
proportional to the relative drift velocity between the ions and the electrons.
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thus enabling the definition of the resistivity rj. With this form for the Ohm’s 
law the dissipative term in the energy balance becomes;
J  E . J _ d v  =  J  T] J ^  -  { v A  B ) . J d v -1.56
The first term represents heating due to ion electron collisional momentum 
transfer and the second term represents power absorbed by magnetic and fluid 
fluctuations of the plasma. The first term is the source of what is meant by 
Ohmic heating of a plasma and predominantly heats the electrons as the ratio of 
the energy received by the electrons in a collision to that received by an ion 
is given by;
d E i
7ir~ =  —  - 1 - 57d E ^  rrii
The heating of the ions by collision with the electrons is considered elsewhere 
in this study.
The expression for ij is discussed in Spitzer [1956] and was derived 
from the Boltzmann equation with a suitable collision operator making the 
assumption that electron-electron encounters can be ignored (the so called 
Lorentz gas assumption). The expression for the resistivity is;
til =  3.8 X 10*^2 In [fiin ]
-1.58
In A =  Coulomb Logarithm 
The Coulomb logarithm accounts for Debye screening of the Coulomb potential and 
is given by;
, , 3
-1 59
The ion charge Z in these expressions may be replaced by Z as defined by
efT
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equation.1.45. in the case of a multi-species plasma. If account is taken of 
the electron-electron interactions the Lorentz gas form of the resistivity is 
corrected by a factor, , which asymptotically approaches 1.0 as Z approaches 
infinity [Spitzer, Harm, 1953]. The expression for rj is then given as;
V  =  V l h e -1.60
z 1 2 4 16 00
7e 0.582 0.683 0.785 0.923 1.00
The value of Z may be taken as Z^hen calculating ij from .
If the mean flow of the plasma is taken to be zero and fluctuating 
terms are neglected the Ohm's law for the plasma gives for the resistivity on 
axis [Tsui, /?95]
-1.61
< > =  Volume average 
a =  Minor radius [m] 
Rm =  Major radius [m]
The current distribution must be modeled by some ja(r) profile found by
measurement, or matching the F and 0 values at the plasma boundary to those
s. hAock^\
predicted using some assumed ji(r) profile in the^[NBFM]. This value of the
resistivity may be used to calculate the conductivity temperature from
equation.1.58. and measured or estimated Z values and is referred to as the
eff
conductivity temperature. In the slow pinch experiments the conductivity
temperature has been found to be a factor of 2.0 to 3.0 times lower than the
measured electron temperature as is shown in fig.1.9.[Schoenberg, Moses, 
Hagenson, 1984]. This has been attributed to a non-Spitzer contribution to the 
resistance. However, it will be shown that inclusion of fluctuation terms, 
associated with the maintenance of field reversal, in the Ohm's law can provide
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Fig.1.9. The time history of the axial conductivity temperature, T (0)
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represent T (0) measured by Thompson scattering, [Schoenberg, Moses, 
e
1984].
a more satisfactory agreement between the Spitzer resistivity and that estimated 
from this more complete model.
The magnetic energy balance equation derived above has also been used 
[Schoenberg, Moses, Hagenson, 1984] to estimate the resistivity of the plasma. 
Again, assuming the mean flow to be zero and neglecting fluctuating terms gives 
in a steady state;
d W ^
dt -1.62
which gives for the resistivity [Tsui, 204];
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n,f (0) =  ----------------- < 4    -1 .63
"  ^ ’ " ^ h R m  <  JV(r)/7?,T(0) >
To determine the resistance the current and resistivity profiles must again be 
specified. The current profile estimated as previously and the resistivity is 
estimated by assuming a Spitzer electron temperature dependence for the 
resistivity and an experimental T^  profile. The electron temperature is shown in 
fig.1.9. determined from the expression for Spitzer resistivity with the 
resistivity being determined from the magnetic energy balance.
In a similar way the helicity balance may be used as a means of 
estimating the resistivity. Again assuming a steady state, neglecting mean 
flows and fluctuating terms the helicity balance equation may be written;
V ^ i =  j  E .Bdv  -1-64
This expression for the helicity balance represents the situation where the 
gauge is zero and the magnetic flux through the boundary is zero everywhere. 
This gives for the resistivity on axis;
n*'(0) =  ----- > <  4  >______________ -1.65
To calculate the resistivity on axis from this expression, as from the energy
balance model, the field and current profiles have to be determined from the F 
and 0 values at the plasma edge, and the relative resistivity profile from the 
electron temperature profile assuming a Spitzer electron temperature dependence 
for the resistivity.
The conductivity temperature as estimated from the resistivity
calculated using the helicity balance is shown in fig.1.9. for ZT-40 plasmas.
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The close agreement between this temperature and that measured by Thompson
scattering indicates that the helicity balance provides a better estimate of the
c w
resistivity than either ij or i| . In the RFP fluctuations are seen in the fields
measured at the plasma edge and within the plasma with probes and on all other
measured parameters. These fluctuations are thought to influence the
confinement and be involved in the field reversal mechanism in the RFP. It is
c
possible to estimate the effect of fluctuations on the estimated resistivities n,
w K I
ij and Ij and to thus gain insight into the partition of the dissipated magnetic
energy between fluctuations and ohmic heating of the electrons. It is assumed
that the fluctuations contribute to the Ohm's law through the vx£ term. If the
fluctuating fluid velocity, current density and magnetic field are written as a
sum of a mean part evolving on the timescale of the slow evolution of the
discharge and a fluctuating part;
^  =  M o  +  É
1 =  iZo +  2  -1.66
V. =  V j Q - \ - v
where,on average,the fluctuating part is zero on the diffusive timescale. 
Resistivity fluctuations are not thought to be of significant magnitude due to 
rapid thermal transport parallel to the field. With the fluctuations included 
in the Ohm's law and mean flow neglected it becomes;
E j o ^  M  =  T ) I o  +  ‘n î - Û ^ R o - Ü ^ R  -1.67
The average electric field then becomes;
E ^ ( r )  =  T j ( r ) J ^ ( r ) -  <  û ^ M >  -1.68
The fluctuations can absorb power on the axis and drive current in the outer 
regions of the plasma where the applied electric field cannot drive current
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c
unaided. It is the omission of this term in the expression for i| (0) which
leads one to overestimate the resistivity using this model. The power balance
including fluctuations, but neglecting mean flows becomes;
+  J g -  <  ( v A B o ) . J  > dv -1-69
and the helicity balance becomes;
= j  V (Zo.Bo+ <  Ï . B  > ) d v  -1.70
The relative importance of the fluctuating terms, which are neglected in the
expressions for the resistivities calculated from the helicity and energy
balances, can be shown to account for why the helicity balance model gives the
better estimate of the resistivity. The relative magnitudes of the 
K w
resistivities ij and i| may also be related to the power absorbed by fluctuations.
Tsui [Tsui, 1985] notes that the pinch parameter is related to the rate
of energy to helicity input to the plasma in a steady state;
Q ^ ^ l M - l d v  
2 !  E.Bdv
and that this is an identity for either the BFM, with a constant ji, or for the 
FFPM. The value of 0 that is calculated if the contributions to the energy and 
helicity dissipation by fluctuations is neglected is given by;
J n J ld v  - 1.72
2 f v i v - S ^ d v
is typically 1.3 at 0 = 1.5 and assuming a MBFM cutoff radius of r/a = 0.6 and
56
an electron temperature profile of T^(r) = T^(0)(1 - (r/a)). This indicates 
that the larger experimental value of 0 compared with that predicted by the BFM 
at a given value of F may be attributed to the energy absorbed by fluctuations
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in the discharge and the departure of the fields from the state of minimum 
magnetic energy.
That the helicity balance model gives the most accurate estimate of 
the resistivity may be shown, as by Schoenberg et al [Schoenberg, Moses, 
Hagenson, 1984] and Tsui [Tsui, I9S5 ], by comparing the magnitudes of the 
fluctuating to the mean terms in the helicity balance and the energy balance 
equations. For typical conditions in the HBTXIB RFP the field fluctuations are 
of the order of 0.03 of the mean field, the correlation length of the fields is 
of order 0.01m, and the minor radius 0.25m giving the ratio;
lâWI ,0.02
l i . H A
indicating that fluctuations will have little effect on the estimated 
resistivity. In the energy balance equation the ratio of the mean to 
fluctuating terms is given as;
l i l l l k o  +  l i l l i lB o  _
^ -------- -1 74
where v is estimated from the typical frequency of fluctuations of '^ l^O.OkHz and 
Faraday's law. This is an overestimate of the fractional energy absorption by 
the fluctuations, but shows that the fluctuations can be expected to absorb a 
substantial amount of power and to significantly lower the resistivity estimated 
from the energy balance model, as is found in practice. The actual contribution 
to the absorbed power will be smaller as vector quantities must be accounted for 
properly and spatial and temporal averages must be calculated appropriately.
The fractional power passing into the fluctuations is given by
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Schoenberg et al [Schoenberg, Moses, Hagenson, 1984] by identifying the power 
passing into fluctuations and then dividing this by the Ohmic power into the 
electrons. This gives;
H f i  _  (77^  - 7/)
H o h ~  7]
Ij being the Spitzer resistivity determined from and or estimated from the 
helicity balance. For typical ZT-40 conditions this gives,0.4 of the power 
being absorbed into fluctuations.
This observation that excess power^above the Ohmic ^  power into the 
electrons is absorbed by the fluctuations in the plasma is of immediate interest
as one can stipulate that this power may be available to heat the ions via some
dissipative process acting on the fluctuations.
1.2.7.2.2 The Importance of the Plasma Boundary.
Recent investigations on the HBTXIB RFP [J a r b o e , h a v e  aimed to
sustain the plasma current by the injection of helicity to the plasma at the 
plasma boundary. This was attempted by the application of voltage to electrodes 
which intercepted the poloidal flux at the plasma edge. These experiments led 
to the realisation that the helicity loss or injection at the plasma boundary 
due to the surface term in equation.1.32. may have important consequences for 
the helicity balance in the RFP. It has been appreciated that the helicity of a 
plasma could be sustained by the application of voltages to electrodes
intercepting flux within the plasma in the discipline of spheromak research.
This subject is discussed in the review by Taylor [Taylor, 1987] where the
importance of defining the plasma helicity as in equation.1.31. is emphasised.
The results of experiments with the helicity injector were striking, not in that
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the plasma was significantly sustained by the application of the voltage to the
helicity injector, but that the resistance of the plasma was greatly enhanced by
the presence of the unenergised electrodes at the edge of the plasma. The
presence of the injector caused an increase of the loop voltage needed to
sustain the plasma from typically 30.0V at a plasma current of 200.OkA to over
100.OV with the injector present. Jarboe was familiar with the problems
associated with the definition of the plasma helicity in a configuration where
the boundary of the plasma is not a flux surface. This led him to suggest that
the observed anomalous resistivity was a consequence of the loss of helicity at
the plasma boundary defined by the injector and not simply as a consequence of
the constriction of the current channel or an increase in Z due to impurities.
e f f
These latter effects were thought not to be able to account for the measured 
increase in resistance.
One approach to the definition of the helicity in a plasma in a volume 
unbounded by a flux surface was suggested by Berger and Field [Berger, Field,
1984]. The helicity of the plasma is defined as the total helicity over all
space minus the helicity which would be present without the plasma present but 
with identical fields at the plasma boundary as with the plasma present. This 
gives an expression for the plasma helicity of;
Kj, = K o - K v  -1 76
where K is the total helicity over all space, K is the plasma helicity, and K is 
o p V
the helicity of the total field with the plasma removed but with the same fields 
at the surface bounding the plasma as with the plasma present. This expression 
may be used to calculate the rate of change of the plasma helicity [Jarboe, 
Marklin, 1985], [Berger, Field, 1984] as is done using an alternative derivation 
in Appendix.1. The expression for the rate of change of plasma helicity is:
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K p  — f  E . R d v  —  f  E y . B - \
J a ê  J a a
■ d v -1.77
The integrals are over all space and the E and B are the vacuum fields giving
” v  ” v
the same fields at plasma boundary as with the plasma present. A helicity
balance, as in equation 1.32., based upon this expression was suggested by
Jarboe [Jarboe, Alper, 1987] to explain the anomalous resistivity of the HBTXIB
plasma with the helicity injector present. In the explanation put forward by
Jarboe the vacuum field is the field in the shadow region of the injector. The
E field in this region being that generated by the plasma as the relaxation
process tries to drive current in the cool plasma in the injector shadow. The
voltage required to sustain a constant plasma current could be explained using
this model if the injector shadowed a volume defined by its plasma scrape-off
-i
radius and if the parallel E field was 27.0Vm . A later series of experiments 
on the dependence of the loop voltage needed to sustain the plasma current on 
the radial displacement of the plasma [Jarboe, Alper, 1987] also gave this value 
of 27.0+/-7.0Vm for the parallel electric field in the vacuum region provided 
account is taken of the resistive helicity dissipation in the plasma volume. 
The vacuum region is defined as the region beyond the plasma scrape-off radius 
as defined by the radial position of the plasma centre. The results presented 
in this investigation provide a remarkable rationalisation of results from a 
wide range of plasma conditions.
This work stimulated Tsui to an alternative derivation of the helicity 
loss from the plasma due to the plasma boundary not being bounded by a flux 
surface [Tsui, 198W ] . This derivation is presented in Appendix.1. and results 
in equation.1.32. The helicity loss is seen to be a surface effect which is a 
result of the gauge dependence of the helicity of a plasma not bounded by a flux
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surface. The fact that DivB = 0 also requires that the scalar potential be 
multi-valued on the surface bounding the plasma for there to be a finite loss or 
injection of helicity. A multi-valued potential may result from the applied 
inductive voltage across the shell gaps or from the generation of sheath 
potentials at the plasma boundary [Tsui,l98f(a)].
It is interesting to view the results from ZT-40 shown in fig.1.9. in 
the light of this more complete helicity balance model. The range of 
conductivity temperatures derived from the helicity balance model encompasses 
the experimental values for the electron temperature but are on average lower 
over the range of electron temperature profiles considered. This indicates that 
the loss of helicity at the plasma boundary, if incorporated into the helicity 
balance model for the conductivity temperature, could bring these results more 
in line with the experimental electron temperatures.
The rate of change of helicity due to the surface term is given by;
K ^ =  j  xR.ds - 1.78
J C8
The resulting change in the loop voltage, necessary to sustain the plasma ; 
current against this rate of change of helicity, is given by;
V^ = ^ JxB.ds  - 1-79
The expression for the resistivity on axis thus becomes; i
=  7?‘ (0) -1 .80  I
It can be seen that if the loss of helicity at the plasma boundary is neglected !
I
the helicity balance model will lead one to overestimate the resistivity. This '
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then could account for the frequent observation that the resistivity derived 
from this form of the helicity balance is often difficult to account for using 
the Spitzer resistivity determined from the measured Z and electron temperature 
profile.
The Tsui and the Jarboe model of the edge helicity dissipation yield
similar helicity balance equations. The expression for V, in the Jarboe model
yua
is;
=  .1.81
Where E and B are the vacuum fields as defined above. It is not obvious what
—  V —  V
these fields represent in a real experimental device.
In order to test the validity of these models in a controlled 
experiment a series of experiments were carried out on HBTXIB. Graphite limiter 
tiles were inserted into the edge plasma in order to intercept the flux at the 
plasma edge. The Tsui model gives an expression for the change in voltage 
needed to sustain the plasma current on insertion of an obstruction into the 
edge plasma of ;
dV ^ , ^ ,  =  d \ - ^ A
where d% is the voltage drop across the obstruction, A is the area of 
intercepted flux, a is the plasma radius, and 0 is the pinch parameter. An 
equivalent expression may be derived from the Jarboe model for the surface term;
" Tra^
E.is the parallel electric field in the scrape off region, dr is the depth of
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the scrape off region, and R is the major radius. There are problems with the 
application of this model associated with defining and the scrape off volume 
and the conceptual difficulties associated with the mechanism of helicity 
dissipation in the scrape off region. The Tsui model provides a more 
satisfactory derivation of the surface term and is conceptually simpler to apply 
to a real situation.
A model for the potential, d%, developed by Tsui is that the current 
driven [Tsui, 1987(b))along the field lines by the plasma into and out of the 
walls is limited to the ion saturation current, as in simple probe theory. This 
model gives for the potential drop across a conducting obstruction;
d x  =  l . 8 T , ( a )  84
T^(a) is the electron temperature at the surface of the obstruction. This model 
is analogous to that used in the Pease model of the anomalous resistance [Pease,
1986] described in ch.4.
The results of the paddle experiments [Alper, Tsui, 1987], [Alper,
I1STW ], [Bodin, 1987] are shown in fig.1.10. The increase in the loop voltage
required to sustain the plasma current, dV , with the amount of intercepted flux
*P
is evident. This result lends stronger support to the Tsui model for the edge
helicity dissipation than the Jarboe model. The edge electron temperature
required to explain this result is in this case 460.GeV compared to a measured
central electron temperature of 400.0+/-50.OeV. This supports the usual
assumption of a fairly flat electron temperature profile. It is possible that
the rise in the plasma resistance be due to other effects than the surface loss
of helicity. It has been suggested that the increase could be due to an
increase in Z on insertion of the limiter or a modification to the current 
efp
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Fig.1.10. The increase in the loop voltage required to maintain a constant
plasma current, dV [V], (above that necessary with the graphite 
loop
limiters inserted in the plasma) versus the insertion distance 
of a graphite tile (10.0x5.0x0.5cm) beyond the limiters [cm] 
both with the wide face of the tile facing B and edge on to £  .
The plasma current was nominally 200.OkA ,6 = 1.35 and the 
plasmas centred with the vertical field.
profile. The change in Z on insertion of the limiter was monitored [Carolan, 
Bunting, 1987] and found not to be able to explain the increase in resistance. 
The edge values of 0 and F did not change on tile insertion indicating that the 
current profile did not alter significantly .
It became clear that this surface loss of helicity could result in an 
enhancement of the resistance of the plasma during normal conditions. The
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observation that the loop voltage required to sustain the plasma current was 
roughly constant over a wide range of plasma currents in unoptimised conditions 
could be interpreted as follows. If the helicity balance is used to write an
expression for the total loop voltage;
V ^  =  V ^  +  I ^ R ^  "I'GS
where R is an effective plasma resistance dependent upon the current profile,
P
electron temperature and Z ^ profile. If the edge term dominated and the
resistance was constant due to a near constant electron temperature, Z^ and
current profile then this would explain the observation that the loop voltage
was largely constant over a wide range of plasma conditions.
Improvements in the optimisation of the plasma by reducing field
errors and improved centering [Alper et al, 1986] enabled the surface loss of
helicity to be quantified by calculation of \^^rom eq.1.85. Fig.1.11. shows a
plot of loop voltage, V, , against plasma current, I, , for plasmas with the 156
limiter tiles in position, well centred, of constant F and 0, and with the
electron temperature of a selected range. The linear form of the plot shows the 
constancy of the plasma resistance of 67.0jJÛand the additional voltage, due 
to the surface dissipation of helicity of 19.1+/-0.9V. The electron temperature 
dependence of this voltage is partially removed by the selection of plasmas with 
a constant central electron temperature. The resistance is in good agreement 
with the measured Z of 2.0.
It was suggested that the 156 graphite limiters (5.0x10.0cm protruding 
1.0cm into the plasma) could contribute to this additional loop voltage, V, , and
that their removal may reduce the loop voltage required to sustain the plasma
current. This would possibly improve the energy confinement time if other
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Fig.1.11. The toroidal loop voltage, V, required to sustain the plasma current 
versus the plasma current, I, for plasmas with 0 = 1.35, T (0)
+ e
of 250.0+/-35.0eV and the 156 limiters in position. The behaviour 
■ay be explained by the plasma having a constant resistance, R * 67pQ,
and a contribution to the loop voltage of 19.1+/-0.9V due to the 
surface loss of helicity.
parameters remained unaltered. Fig.1.12. shows a similar plot to fig.1.11. 
for plasmas with the limiters removed. The resistance is found to be 
65.0+/-10.0|iû in agreement with the measured Z^f about 3.0 at the range of 
electron temperatures considered. The voltage V^s found to be 10.0+/-3.0V, 
thus tile removal had lowered the loop voltage by 9.0+/-3.0V from typically 
33.0V to 23.0 V for a plasma current of 220.OkA. Other consequences of the tile 
removal are referred to in the later chapters of this thesis or in the
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Fig.1.12. The toroidal loop voltage, V, required to sustain the plasma current
versus the plasma current, I, for plasmas with 9 = 1.35 and T (0)
+ e
of 340.0+/-40.0V and the 156 limiters removed.
The behaviour may be explained by the plasma having a constant
resistance, R = 65|iQ, and a contribution to the loop voltage
of IO.O+/-3.0V due to the surface loss of helicity.
references quoted above.
It is an obvious consequence that, if the loop voltage required to 
sustain the plasma current is increased by the surface loss of helicity, there 
will also be an increase in the flux of electromagnetic energy into the plasma 
at a fixed plasma current. In Appendix.2. the balance of electromagnetic 
energy is derived and is shown in equation.1.51. Expressing the field, velocity
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and current density as a sum of mean and fluctuating parts and assuming no mean 
flow the energy balance becomes [Tsui, 19%7-(43;
=  / ,  v J ' ^ d v  + f <  £ A B  >  . I g d v  + f x l - d s  -1.86
•'p* J p l Jcs
The surface loss of energy is thought to be negligible as the current density at 
the wall is small due to the |i profile. For a fixed plasma current and electron 
temperature, and assuming the edge energy loss is negligible, the extra loop 
voltage necessary to sustain the plasma current against the surface loss of 
helicity results in an increase in the energy input to the fluctuations, i.e. 
the energy input to the plasma above that Ohmically heating the electrons.
Tsui has produced some elegant ideas on the relation between the ji 
profile and the transport of helicity and energy in the RFP [Tsui, 1987CW]. The 
helicity and energy in the pinch are transported by the action of fluctuations. 
It is shown that globally the helicity is not dissipated by the fluctuations as ;
[  < v A B >  . B ^ d v  =  0 
J v l - -1.87
over the whole plasma volume. The fluctuations thus transport but do not 
dissipate helicity but for the amount represented by the integral;
/ 'nJ_.B(.
J vl
_ . B d v  -1 88
ip i ■
which is negligibly small when compared with the Ohmic helicity dissipation. 
The helicity is injected into the central regions of the plasma and extracted 
from the the outer regions of the plasma by the loop voltage and is transported 
to maintain the field profile against resistive decay.
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1.2.8. The Role of the |i Profile in Energy and Helicity Transport.
Tsui gives integrals representing the transport of the helicity and 
energy by the fluctuations;
f < û ^ R >  - B ^ d v  j f < Ê A B  > . J _ ^ d v
Jv Jv -1.89
where v is an arbitrary volume in the plasma. If taken over the whole plasma
volume the helicity transport out of the plasma by fluctuations is zero but the
energy transport is not necessarily zero. In the important case of the ideal 
Bessel's Function Model, where the |i profile is flat, there is no helicity or 
energy transport. Tsui shows that a departure of the p profile from a flat 
profile can only be caused by energy losses from the fluctuations; either by 
viscous damping within the plasma volume, or from the plasma boundary. It is
also shown that a resistivity profile cannot inhibit the plasma from achieving a
flat |i profile. The departure of the ji profile from a flat profile can only be 
a consequence of energy losses from the fluctuations, either within the plasma 
or at the plasma boundary.
The energy losses due to the fluctuations is calculated by Tsui from 
the radial momentum equation;
^ ^ = ( i A £ o )  +  ( j o A l ) - V P  -1.90
which in this form neglects the viscous terms. Taking the dot product with y, 
integrating over the plasma volume and assuming incompressible flow gives;
j  <  ( j _ t \  B^  ^. V  >  d v  =  J  <  P v  >  d s  -1.91
Therefore, neglecting viscosity, the energy balance becomes;
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^ 4  =  f nJldv  + f <  P v >  ds.+ f xl-ds. 
i p  Jp  Je t -1.92
If the viscous terms were included in the momentum balance then the energy 
transport may be at least partially removed, the energy loss from the 
fluctuations resulting in heating. The sink of this energy is likely to be 
either particle heating, classical viscosity predominantly heating the ions, or 
perhaps damping of image currents induced in the shell. The viscous heating 
power to the ions from the level of fluctuations observed in the RFP is 
estimated in chapter.4. It is also likely that the electrons receive 
appreciable heating from the electron viscosity resulting from the Ohmic 
dissipation of currents driven at the X points of resistive instabilities. As
the transport of the energy is related to the helicity transport the level of
heating due to the viscous damping of the fluctuations could be reasonably 
assumed to be proportional to the rate of helicity transport.
In chapter.3. the local ion heating rate is assumed to be equal to 
the energy input to the fluctuations;
<  V  /\ B _ >  .JjQ =  E . J _  —  T ] J ^ -1.93
as a first approximation. However reasonable this may appear, for the 
fluctuations to drive current in the outer regions of the plasma there must be 
energy as well as helicity transported by the fluctuations. It is just possible 
that perhaps the fluctuations driving the current in the outer regions receive 
energy from the work done on the field by the plasma diffusing out of the 
central regions of the plasma, as in the Tangled Discharge Model. However, 
there would be a thermodynamic constraint on the efficiency of such a process.
It may perhaps be a better model to assume that the heating rate is proportional
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to the rate of helicity transport rather than the power passing locally into the 
fluctuations. These problems are further discussed in Chapter.4. and 
Chapter.5..
1.2.9. Particle and Energy Transport.
Although the helicity balance formalism may eventually yield a self 
consistent treatment of the helicity, energy and particle transport and particle 
heating in the RFP it is not the place to consider such developments here. An 
adequate model of the ion energy transport was not available at the outset of 
this investigation and as far as possible the experimental and interpretive work 
has had to proceed by making reasonable assumptions for the ion energy 
confinement which are consistent with experiment and to make statements which 
were not sensitive to these assumptions. A self supporting measurement of the 
ion energy transport was not available. Any study of the ion heating must 
therefore be intimately linked with studies of the ion transport, as to 
experimentally determine one without prior knowledge of the other is impossible. 
It would perhaps be feasible to determine the ion energy confinement time 
independently by modulation of a dominant source of external heating. It is 
unlikely that such an approach would be non perturbative. Also, the power 
required would be several MW of neutral beam or other form of heating presenting 
great practical difficulties. Only in the model of the ion energy balance 
presented in Chapter.3. is the ion heating and transport separately considered, 
and here assumptions are made to derive the ion transport from the particle 
transport which is more amenable to measurement and modeling.
A separate experimental investigation of the particle transport in the 
RFP has been carried out concurrently to this investigation [Manley, 1988] on
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the HBTXIB RFP. In this investigation, which is referred to above, the impurity 
transport calculated by fitting the measured profile of the CV soft X ray line 
intensity to that predicted from a non coronal equilibrium impurity transport 
and radiation code. The diffusion coefficient derived gives a particle 
confinement time of the same order as the global energy confinement time. This 
is an assumption which is made in some of the interpretive calculations made in 
Chapter.2. of this thesis concerning the classical collisional ion heating.
For theoretical reviews of the transport of energy and particles in 
RFP’s and in fusion plasmas generally consult the following references; 
[Brotherton-Ratcliffe, 1984], [Gimblett, 1987], [Manley, 1987], [Robinson,
1987], [Gill, 1981].
The ion and electron energy losses are not solely conductive, 
convective, or diffusive. Two processes occur which are fairly simple to treat 
which remove energy from these particles in-situ. These can thus be thought of 
as sinks of energy to be subtracted from the heating rates into the particles. 
For the electrons, radiation and ionisation are direct energy loss processes. 
Radiation is found experimentally to contribute only 5.0% to 10.0% of the total 
energy losses from the plasma. In the context of this thesis only in chaper.3. 
is the energy balance of the electrons treated explicitly and then not to 
calculate the electron temperature. It is treated only on axis and in 
conditions where radiation losses are likely to be small. The possible effects 
of radiation losses on the predictions made using this model are considered. 
Charge exchange losses form a sink of ion energy and particles. Although these 
losses can dominate the energy losses in a Tokamak the total energy loss by this 
process has been estimated from the results from the analysis of the neutral
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particle emission from the plasma and found to be negligible representing less 
than 1.0% of the total energy losses. This process is thus ignored.
1.2.10 . Classical Ion Heating.
The heating rate per unit volume of a particle species j within a
group of field particles k of density n is given by;
T u  -  T i
U j T j  =  T i j----------------- -1.94
where T. are the temperatures of the particle species j and k respectively 
[Spitzer, 1956]. The equipartition time, is given by;
{mj +  S )
\ %
where C. is 7.33 xlO for MKS units. A., m., and Z. , are the atomic weights,
 ^ 3/ 3,K.
masses, and charges of he species j,k, and n^is the density of species k. In
is the Coulomb logarithm and represents the reduction of the collisional cross
section due to the Debye shielding of the field particles by the electrons.
Although all the particle species present in the plasma exchange
energy by this process, the effect of which is considered in Chapter.2., the
principle route of heating usually considered is the heating of the ions by the
electrons.
For an infinite homogeneous plasma with electron temperature, T^  , 
ion-electron equipartition time, tf, , and ion energy confinement time f , the 
equilibrium temperature reached by the ions is given by;
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At the plasma parameters of most RFP’s the ratio T^^T^is usually small. Typical 
values are 0.01 to 0.1. The T,values calculated for HBTXIB plasma parameters 
are presented in Chapter.2. These very low values are a result of the very 
short ion energy confinement times, assumed equal to the global energy 
confinement time, observed in the RFP. Typical values are 100.0 to 500.O^s, 
short compared to the ion electron equipartition time of typically 6.0ms.
1.3 A Summary of Previous Work in the Field.
Investigations of the ion behaviour in other RFP's carried out prior 
or concurrent to this investigation are reviewed in Chapter.4. Most studies
found ion temperatures higher than those calculated from collisional
equipartition under conditions prevalent in these machines. Not all authors 
note the significance of this observation and in some cases the interpretation 
is made all the more unclear due to the low values of electron temperature 
reported due perhaps to incorrect electron temperature measurement. On Alpha 
[Afrosimov, 1961] ion temperatures were not inferred from the measured neutral 
energy spectrum emitted from the plasma. The measurements made on the Zeta
device [Jones, Wilson, 1962 ] enabled the authors to infer that the ion
temperatures measured required an alternative source of heating than through 
collisions with the electrons, that the heating was likely to be due to viscous 
damping of the fluid velocity fluctuations observed in the plasma, and that the 
ion heating may be a consequence of the anomalous resistivity also observed in 
the device [Pease, 1986].
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Other investigations of the ion behaviour carried out concurrently to 
this investigation have reached few conclusions. All measurements reported 
require an additional source of heating above that due to collisional heating by 
the electrons although some authors confuse the definition of anomalous ion 
heating, requiring the ion temperature to be greater than the electron 
temperature for the ions to have been heated anomalously [Antoni, 1983]. The 
work carried out on ZT-40 [Howell, Nagayama, 1985] attempts to explain the ion 
heating as a consequence of the ion cyclotron instability. This work is 
discussed in Chapter.4. The conclusions arrived at appear dubious both in the 
light of the work presented here and the assumptions made in the modeling of the 
ion cyclotron heating.
It is an obvious step to conclude that the anomalous resistance so 
often observed in the RFP be related to the anomalous ion heating. Many of the 
ion heating mechanisms reviewed in ch.4. result in enhanced ion heating in 
either numerical or theoretical models. This is often the result of enhanced 
collisionality of the electrons with fluctuations [Whitfield, 1985] or may be 
treated in a more self consistent manner by modeling the behaviour of the whole
RFP plasma as does the TDM.
The work of Rusbridge on the Tangled Discharge Model of the RFP plasma 
represents the most complete treatment of the energy balance in Zeta. The ion
heating is assumed to be due to the damping of the turbulence. This being
driven by both the work done on the fluid as the plasma expands adiabatically on 
diffusing out of the plasma and the work done on the plasma by the current 
flowing perpendicularly to the field-lines. This results in a fraction of the 
observed anomalous resistance. This model is an attempt to explain in one model
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the field reversal, transport, and heating in the RFP plasma. The ideas of 
Pease, that a portion of the anomalous resistance be due to the limitation of 
the current flowing into and out of the walls to the ion saturation current, are 
included in the model by assigning an arbitrary fraction of the energy to be 
dissipated on the wall. The Pease model however indicates that the energy 
associated with this resistance would be deposited within the plasma and may 
heat the ions. The model is important as it represents an attempt at a self 
consistent model for these processes.
Schoenberg et al. were the first to develop the helicity balance of 
the sustained RFP, to contrast this with the energy balance indicating that the 
energy passing into the fluctuations could be related to the anomalous 
resistance, and to use the helicity balance to calculate the resistivity. The 
importance of the surface terms in the helicity balance in explaining the 
anomalous resistance was first pointed out by Jarboe [Jarboe, 1 9 3 6 in the light 
of helicity injector experiments carried out on HBTXIB. These ideas have been 
developed particularly by Tsui [Tsui, H3T(a-)J, [Tsui, [Tsui, (93?-6)]. The
possible relevance of the plasma interaction with the wall in explaining the 
anomalous resistance and ion heating was first suggested by Pease [Pease, 1986].
1.4 The Aim of this Investigation.
It was the aim of the investigation presented in this thesis to 
determine the behaviour of the ions in the HBTXIA/B RFP plasma, particularly to 
measure the ion temperature of the douterons and impurities and to assess the 
results of these investigations in terms of developing theories of the ion 
heating and confinement in the RFP. Other information on the ion behaviour 
obtained concurrently, e.g. the ion fluid rotation velocity, is presented with
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some interpretation. Any information obtained on the ion behaviour which sheds 
light on the processes of ion heating and confinement is important as this 
information would be of use in predicting the behaviour of a proposed reactor 
design. For example, assuming classical ion heating for the compact RFP reactor
-3
study [Copenhaver, Krakowskii, 1985] with specified parameters of n^= 6.3 xlO m,
T = lO.OKeV, V  = 0.23s gives T.= 2.4KeV. Clearly the possibility that there 
e g ,  i
may be anomalous ion heating is important. If this can be related to other 
plasma properties in a way which would provide a more self consistent model of 
plasma processes, enabling assessment of the reactor relevance of an RFP 
configuration, this would be of interest. The work presented here makes attempt 
to address this problem by experiment and by utilising theoretical and numerical 
modeling techniques.
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p An Experimental Investigation of the Ion Energy Balance.
2.1 Introduction.
1 . 1  The Diagnostic Apparatus,
2.2.1 The Selection of the Appropriate Diagnostic.
When selecting a diagnostic technique that is appropriate for
measuring the parameter of interest, consideration must be given as to how that 
parameter will manifest itself in the detection system. The detector will often 
monitor a remote physical process which must relay sufficient information from 
the plasma to be analysed to yield the parameter of interest. The technique 
should provide spatial and temporal information. However, there is always a 
compromise here because of the limitations imposed by the signal to noise level 
on the information content of the signal. Spatial resolution may be 
accomplished by active or passive techniques: the former employs a beam
crossing the line of sight of the detector to enhance the signal from the
Intersection volume (e.g. Thompson scattering or charge exchange spectroscopy) 
and the latter employs a tomographic system. A passive technique may not 
require a multi-chord system if the secondary process has some spatial 
dependence (e.g. radial location of a particular ionisation state used for 
Doppler broadening measurements of the ion temperature) or labeling (e.g. 
electron cyclotron emission electron temperature measurements where there is a 
direct mapping of the emitted frequency onto the radial location in the plasma).
In measuring the ion temperature, the active techniques which are
available are based on either the charge exchange reactions between a high 
energy (20.0keV to 80.0keV) probe or heating beam or on laser scattering. 
Neutral beams either excite line radiation by charge exchange reactions
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populating excited states of the ions [Carolan,1987] or enhance the neutral 
atomic flux from the plasma. In each case, standard spectroscopic or neutral 
particle energy analysis may be used to determine the ion temperature.
ixg-N0^ 4-11
High-energy neutral beams were not available on HBTXlA/B. Laser ^frc-at-tcring- can 
either measure the ion temperature through collective scattering from the 
coherent electron motion at length scales larger than the Debye length due to 
the ions [Frigione,1982] or by fluorescent excitation of the line radiation of 
the background neutrals in the plasma [Forrest,1987]. The first technique is 
complicated by the effects of impurities on the scattered spectrum, and the 
second by the fact that the technology does not exist for making many 
measurements during the duration of the plasma and also because the energy 
distribution of the neutrals does not represent the local ion energy 
distribution since the neutrals excited will have originated from charge 
exchange collisions remote from the scattering volume.
The passive techniques available include those based on the background
neutrals in the plasma, which produce Doppler broadened spectral lines 
1493
[Cottrel,^] or those which undergo charge exchange reactions with the ions, thus 
providing a flux of charge exchange neutrals with the velocity distribution of 
the original ions [Afrosimov,1982],[Goldston,1982],[Roslyakov,1982] and the 
detection of neutrons from the fusion reactions between the ions 
[Hendel,1982],[Jarvis,1982],[Strachan,1982]. Doppler spectroscopic techniques 
generally use the hydrogen Balmer series, where visible spectrometers can be 
used because of their inherent flexibility and high spectral resolution. 
Although this technique can be implemented with relative ease there is a major 
problem associated with data unfolding. This is because the spectrum detected 
is a composite from along the line of sight, each radial location contributing
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an intensity dependent upon the local velocity distribution, neutral density and 
electron impact excitation rate. This would not be a problem if there were a 
beneficial spatial weighting of the intensity. This is not the case due to 
several compounding effects: the edge neutral density can be several orders of
magnitude larger than at the centre of the plasma; the spectral brightness from 
a radial location decreases twltk the local neutral temperature, thus
reducing the brightness from the hotter central regions of the plasma further; 
and finally there is the problem that the neutrals observed originate from 
remote regions in the plasma. A multi-chord system would certainly be required 
to overcome these problems and the highly asymmetric influxes observed from the 
vessel wall would make inversion techniques difficult.
to
There are two techniques in use which^obtain the energy distribution 
of the charge exchange neutrals, one of which collisionally ionises the neutrals 
and then disperses the resultant ions with an electric field into detectors 
covering a range of energies, and the second which measures the time of flight
of the neutrals over a known distance. In order to monitor the temporal
behaviour of the neutral velocity spectrum the former employs a multi-channel 
arrangement with detectors of sufficient count rates, whilst the latter chops 
the sight line repeatedly. The frequency of the chopper is limited by the time 
taken for the slowest neutrals to reach the detector and the chop duration by
the energy resolution required at the highest energies. A duty cycle of at
least 1:100 is required for 5.OeV at the lowest energies and 20.0% resolution at 
2.0 keV. The advantage of the dispersive system is that the neutral flux is 
uninterrupted allowing for a greater sampling rate (e.g. 20.0 jis for a
dispersive system compared with 200.0 jis f o r  a time of flight system allowing 
for the different detection efficiencies of the two systems and for equal
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statistical errors in the measured flux in both systems). This time resolution 
is desirable when the ion temperature may be varying rapidly, but may be crucial 
when there are high frequency flux variations. The latter may confuse the 
interpretation of signals from a time of flight system if flux variations from 
different parts of the plasma reach the chopper at times differing by longer 
than the chop time.
Detection of the higher energy charge exchange neutrals gives the
■bo L ^ o t t e , y t ~ -tUn_ .
signal a beneficial spatial weighting^, thus avoiding the problems associated 
with Doppler broadening measurements on the neutral atom line emission. The 
presence of non-Maxwellian ions at the higher energies is a problem, therefore 
the range of energies detected must be carefully selected. This is especially a 
problem in the RFP where the confinement times are comparable to the 
thermalisation time and the ion heating may not be by classical equipartition 
with the electrons. The presence of non-Maxwellian ions at the higher energies 
renders neutron diagnostics useless as the cross section for the fusion 
reactions is highly weighted to the higher energies. The use of an ion 
temperature diagnostic based upon the energy analysis of charge exchange 
neutrals thus seemed most appropriate. A dispersive system was chosen to avoid 
the ambiguities of the time of flight system and to avail of the faster sampling 
rate.
2.2.2 The Neutral Particle Analyser.
In HBTXIA/B a five channel neutral particle analyser (NPA) 
[Afrosimov,1961],[Bunting,1985] ,as illustrated in fig.2.1., was used to measure 
the time resolved energy distribution of the neutral atoms emitted along an 
equatorial minor diameter. Slits .si. and .s2. define the collimation of the
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Fig.2.1. A schematic diagram of Neutral Particle Analyser (NPA) and CAMAC 
control system.
detected neutrals while slits .s2. and .s3. limit the ingress of the stripping 
gas into the analyser. The ion deflector plates prevent any ions emitted from 
the plasma being detected. The neutrals are ionised in a gas cell through 
collisions with nitrogen at a pressure 4.0mT, bled into the cell with a piezo 
electric valve with facility for feedback control of the pressure, which is 
monitored with a fast ionisation gauge and digitally recorded through the CAMAC 
interface. The resultant ions are then deflected by an electric field by an 
amount dependent upon their energy and a selected ranges of energies focused 
onto open electron multiplier detectors by sector field focusing plates. The 
energies detected may be selected remotely by CAMAC control of the plate 
potentials. Mass selection, possible with E parallel to B  NPA systems, is not 
required as the experiment is usually operated in deuterium only. The system is 
arranged so that the range of neutral energies detected increases with energy.
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the resolution being approximately constant with energy. This, allied with the 
higher detection efficiency for the higher energy neutrals, ensures that 
approximately equal count rates are detected in each channel, and thus, the 
effect of pulse pile-up on the energy distribution is minimised. Energies in
the range 80.0eV to 3.8keV are routinely detected. The electron multipliers
used have a pulse width of 10.0 ns compared to l.Ojis to 10.0 jis for channeltron 
detectors. The sampling period used is 20.0 |is and typically 10 to 100 counts 
per channel are detected in this time. A mirror can be introduced into the 
post-deflection line of sight of the instrument to monitor the deuterium 
Balraer-o6 line emission. The light is detected with a red sensitive
photomultiplier after selection by an interference filter. The NPA axis is in 
the equatorial plane and is directed towards the major axis of the machine, as 
shown in fig.2.2.; on the opposing side of the port the viewing chord 
intersects the stainless steel (316L) vacuum vessel. Although the Do6intensity 
can be used to calculate the local deuterium influx rate (as described by 
Johnson and Hinnov, [Johnson,1972]) the absolute values obtained will not be 
representative of the plasma as a whole, mainly because, for most of the work 
described here, there are also limiters protruding into the plasma (156 graphite 
tiles of 0.005mx0.05rax0.Im protruding 0.01m into the plasma), the influx from 
which dominates the total influx into the plasma and is highly non-uniform. 
Nevertheless, the Do6monitor should yield the relative local influx rate at that 
toroidal location.
The electron multipliers produce pulses of 0.3mV to lO.OmV amplitude 
and 15.0ns duration into a 50.0 XI load; detected ions produce pulses with an 
amplitude distribution shown in fig.2.3.; this was measured using a 
multi-channel analyser. The pulses are amplified at a gain of 100.0 and passed
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Fig.2.2. Schematic diagram of ion temperature diagnostics on the HBTXIB 
experiment.
to a discriminator which produces a 15.0ns shaped pulse of -0.8V amplitude for
each Input pulse received with an amplitude greater than a pre-set threshold
voltage. The threshold voltage Is set In such a way that a constant fraction of
the detector pulses Is registered: this Is done using an In situ lithium Ion
4-
source. The LI Ions are accelerated by a l.OkeV potential and focused Into the 
centre of one of the detector channels; the rate of the discriminator pulses Is 
measured as a function of the threshold voltage; and a plot of the logarithm of 
the rate versus the threshold voltage Is used to set the fraction of registered 
pulses to those received at 0.6. as shown In fig.2.4. At the threshold 
voltages used, the noise level Is less than 1.0 s \ The discriminator pulses 
are then counted In a scaling unit which transfers the number of recorded pulses
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Fig.2.3 The number of the electron multiplier output pulses versus the pulse 
amplitude for IkeV Li ions incident onto the detector.
into a 16k word memory on receipt of a clock pulse from a programmable clock. 
The system is used with a 20.0jis counting duration and the time for transfer of 
the data between clock pulses is 1.0ns: thus the pulse detection is negligibly
interrupted by the transfer. The data is then unloaded via a fibre-optically 
coupled CAMAC data-bus onto disk storage. The system is controlled by an LSI 
11/20 computer which also remotely controls the clock, scalar, plate voltages 
and gas cell pressure and records the gas cell pressure along with the particle 
counts.
The detection efficiency of the analyser at a specified configuration
is supplied as data with the analyser, it having been calibrated by the
supplier. The efficiency as a function of deuterium energy is shown in fig.2.5.
The energy dependence of the relative detection efficiency of each channel is
4-
measured with the Li ion source and is shown in fig.2.6. for all the channels. 
These are corrected for the energy dependence of the detection efficiency so 
that account is taken of the fact that the energies at which these profiles are
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Fig.2.4. The logarithm of the discriminator output pulse rate [s ) versus the
+
discriminator threshold voltage (V) for IkeV Li ions incident onto 
the detector. The threshold voltage for detection of 0.6 of the 
incident ions is shown.
measured are different from those used in the measurements of ion temperature. 
The corrected profiles are used to calculate the mean energy, and the mean
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Fig.2.5. The detection efficiency of the neutral particle analyser, measured 
for deuterium for channel.5. the highest energy channel, versus 
energy (cV).
energy range detected for each channel for the plate voltages used for the ion 
temperature measurements. An example is shown in fig.2.7. The relative 
efficiencies of the channel centres was also measured at a fixed energy with the
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Fig.2.6. The relative efficiency of the NPA channels versus energy (eV).
4-
Li ion source and used to normalise the calibration data supplied with the 
instrument.
The temporal behaviour of the principal plasma parameters of HBTXIB 
are shown in fig.2.8. The top trace is the toroidal current, including that in 
the liner. The current is typically 200.OkA during the sustained phase of the 
plasma. The toroidal and poloidal loop voltages are shown as measured with 
voltage loops and the chord averaged electron density along a vertical central 
chord as measured with a CO^ interferometer. The temporal behaviour of the 
neutral deuterium flux is shown in fig.2.9. with, from the top, central channel 
energies of 528.OeV, 704.OeV, 995.OeV and 1892.OeV corresponding to a deflection 
plate voltage of 708.0V. The flux is calculated using the mean detector channel
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Fig.2.7. The relative detection efficiency of the NPA channel.5. versus 
energy [eV], the corrected profile is shown for operation 
at a different energy range to that at which the profile was 
measured.
efficiency, energy range, sampling period and etendu. The calculated flux is 
also corrected for the effect of pulse pileup, the coincidence of simultaneously
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Fig.2.6. Temporal behaviour of various HBTXIB parameters. Displayed are,
from the top, the toroidal current (kA), toroidal loop voltage
(V), poloidal loop voltage (V), toroidal field at the wall (T)
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and line of sight averaged electron density (« ).
detected ions. The true pulse rate, N, is obtained from the measured count
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Fig.2.9. Time traces of the neutral flux detected by the NPA channels for
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a typical discharge (200KA, 9 = 1.35, (n J « 2.0x10 m , centered
e
and 156 graphite limiters in position, "standard" conditions).
rate, N , from the expression: 
c
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for TdNc Tp
where t is the discriminator pulse width and r is the counting period. This
d  '
correction is typically 0.15 for 200 counts in 20.0 jis.
^7.3 The Dual Input Multi-channel Spectrometer.
The velocity distribution of the ions in a plasma can be measured from 
the Doppler shift of the line emission of the ions. Working at the visible and 
quartz UV region of 2200.oX to 7000.oX enables measurement techniques to be used 
whose convenience far outweighs those applicable to shorter wavelengths. At
sufficiently high temperatures, densities, and confinement times typical of
Tokamaks, impurities are fully ionised and therefore do not strongly radiate 
line radiation. The medium and high atomic number ions are multiply ionised and 
emit in the VUV/X-ray region, and unless charge exchange exited [Carolan,1987], 
or forbidden lines from metastable levels [Suckewer,1978,1779], can be utilised 
at quartz/visible wavelengths the more complex VUV/X-ray techniques must be
used. In current RFP's the temperatures, densities, and confinement times are
such that visible and quartz UV radiation is emitted from the low Z core 
impurities e.g.CV, 2271.oX, (ls2s( ^s* ) - ls2p( ^p^ )) from He like CV
[Carolan,1986]. Fibre optics are used to relay the plasma light from various 
view ports to the input slits of a visible spectrometer. The fibres are 2.0m to
tf V
3.0m in length and of 1.0mm diameter wet quartz. The attenuation of the fibre
j Cou>
was measured to be 3.8+/-1.0dBm at 227lX [Field,1987]; sufficientU^for these 
experiments. A schematic diagram of the dual input visible spectrometer is
shown in fig.2.10. The spectrometer consists of a 1.0m Czerny-Turner
spectrometer [Hilger] with a 2160.01mm grating blazed at 5000.oX in first order, 
which is coupled to an Optical Multi-Channel Analyser (OMA) detector
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Fig.2.10. Schematic diagram of the two chord Doppler spectrometer.
[Carolan,1985]. The spectrometer was operated in first order for the Balmer D-^ 
(4686.OÂ) line and in second order for the C H I (2298.oX) and CV(2271.oX) lines 
to avail of the greater efficiency and resolution in second order. A spectral 
survey confirmed that there were no detectable lines which would interfere with 
the CIII/CV lines in first or second order with the 156 limiters in position. 
An attempt to repeat the measurements with the limiters removed failed due to 
the presence of lines other than the CV/CIII lines, thus interfering with the 
interpretation of the spectra in terms of the CV velocity distribution. The OMA
channels were nominally separated by 25.0jim: thus the inverse dispersions of
2.2Âmm and 4.4&mm give O.llXch and 0.054Âch for first and second order operation 
respectively. Emitted light from two tangential and three vertical poloidal
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ports (at r = 0.0m and +/- 0.15 m) have been spectrally resolved, mainly from 
two ion states CHI (2298. oX) and CV(2271.oi) and the neutral deuterium 
D-p(4686.0Â) line. A dual input slit arrangement is used, where the fibres are 
directly mounted onto the slit plane. This arrangement is adapted from a 
10-chord multi-channel echelle spectrometer designed and constructed for spatial 
resolved ion temperature and rotation measurements on HBTXIB (see appendix.3.). 
The slits are cut in a tungsten foil and are 2.5 mm by 100.0 |im and separated by 
5.5 mm. These dimensions gave instrumental widths of 0.44Â and 0.22Â, and 
separations between the adjacent spectra of 24.oX and 12.oX in first and second 
order respectively. The OMA used has a facility for gat^ing the intensifier to 
provide time resolution on timescales shorter than the detector read-out time of 
16.0ms for the whole array of 1024 channels. This facility could not be used as 
a suitable gat^ing pulse unit was not available^reason the spectra obtained are 
from the entire plasma duration. A typical spectrum from a single plasma is 
shown in fig.2.11. Two input slits are used and the light relayed from two 
opposing tangential ports as shown in fig.2.2. Light is passed through a quartz
view-port and is imaged onto the fibre with a quartz lens. The temporal
behaviour of the CV(2271.oX), C H I (2298.oX) and D-o4 (6562.oX) line intensities 
are shown in fig. 2.12. The C H I  and D-o^ line intensities are seen to be
predominant at the ^ l-a-B»a. setting up and termination phases of the plasma,
whereas the CV line intensity is present throughout the sustained period of the 
plasma. The spatial profile of the CV(2271.oX) line radiation is shown in 
fig.2.13., as measured with a multi-chord visible spectrometer on HBTXIB 
[Schneider,1987] during the sustained phase of the plasma. The CV radiation is 
present throughout the plasma radius, in comparison with the C H I  and D-o4 
radiation which is localised nearer the plasma wall. This is because the CV 
ions do not remain in the plasma sufficiently long to ionise to the CVI state.
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Fig.2.11. Typical apactra obtained from two opposing tangential ports 
("standard" conditions).
whereas the CUT and D-o^are ionised to higher ionisation states in the plasma 
core where the electron density and confinement time of the impurities is longer
than at the outer regions [Carolan,1983]. Typical n f values for the plasma are
-3 2  ^ 2 -1
3.0x10 m s with diffusion coefficients of 50.0m s to 100.0 m s [Carolan,1987].
2.3 The Neutral Particle Energv Spectrum.
2.3.1 A Comparison of the Measured and Calculated Spectrum.
The interpretation of the neutral atom energy spectrum emitted from 
the plasma to yield the ion temperature of the plasma is a well-established 
diagnostic technique for fusion plasmas in magnetic confinement configurations, 
particularly Tokamaks. As the plasma conditions in the RFP are different from 
those in other devices the direct transfer of the analytical techniques 
developed may not apply to the RFP. It is thus necessary to examine the
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Fig.2.12. Temporal behaviour of Balmer Do(6561.9l), 0111(2296.6%) and 
CV(2270.9lX).
processes leading to the flux of neutral atoms from the plasma, and the 
Interpretation of the energy spectrum of the neutral atomic flux in terms of ion 
the temperature.
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Fig.2.13. The spatial profile of the intensity of the CV(2271%) line 
emission measured with a 10-chord spectrometer.
(I = 200kA, 8 = 1.35 averaged over 1ms of the sustained 
period of the plasma.)
Several models of the neutral atom transport in fusion plasmas have 
been developed [Hughes,1978],[Parsons,1974],[Simonini, ], These models include 
the source and sink processes for the neutrals, their transport, and calculate 
the energy spectrum of the emitted neutrals. The simulation proceeds in two 
steps: the first calculates the steady state distribution of the background
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neutrals in the plasma and the second calculates the energy spectrum of the 
escaping neutrals from a specified chord through the plasma. In this 
investigation the AURORA Monte Carlo code of Hughes and Post is used. The first 
step in the calculation uses a Monte Carlo technique to model the neutral 
transport, and includes reflection from the vessel wall, ionisation by electron, 
and proton impact and charge exchange collisions as the neutrals traverse the 
plasma. The collision points and subsequent trajectories are decided upon on a 
random basis, from the probability distribution for the path length for the 
former, and the velocity distribution of the ions for the latter. These 
probability distributions are determined from the specified profiles of the ion 
and electron densities and temperatures, and with predetermined values of the 
deuterium density, influx velocity and reflection coefficient at the wall. The 
algorithm follows the path of neutrals from their launch at the plasma wall, 
through subsequent charge exchange collisions and scattering events at the wall, 
until their loss by ionisation or at the wall. This process is repeated until 
the neutral density and neutral energy density profiles are specified to the 
required statistical precision. Only the component normal to the minor axis is 
considered and poloidal symmetry is assumed: the treatment, therefore, is
essentially one-dimensional. The effect of impurities in reducing the ion 
density with respect to the electron density and in contributing to the charge 
exchange processes is not included in the model. Recombination of the ions is 
also not included. It will be shown below that, for our range of conditions, 
these effects can be neglected.
For a Maxwell-Boltzmann distribution of ion velocities, the emitted
flux, dN (E,x), of charge exchange prompt neutrals, originating at a position,
X, in the plasma, (within a length 4V ^  , and through an area dA, into a
2
A.R.Field. Ion Behaviour in the HBTX1A\B Reversed Field Pinch. Page.102
solid angle dû and of energies between E +/- dE/2), takes the form:
where;
E q =  Neutral energy [eV]
X  =  Distance from inner wall [m] 
n,(a:) =  Ion density at x [m“ ]^ 
no(x) =  Neutral density at x [m“ ]^
T ,(z) =  Ion temperature at x [eV]
To{x) =  The equivalent temperature associated with the energy distribution of the 
neutral atoms at x [eV]
< a.v >cx ( T q {x , E ) )  =  The ion-neutral charge exchange rate between ions energy 
E  and neutrals of energy T q {x ) (see below) [Freeman, 1974].
r](x,E)  =  The fraction of neutrals of energy, F , originating at position, r , trans­
mitted to the plasma wall given by;
A(s,F) =  The mean free path of a neutral atom of energy, F , undergoing a charge 
exchange or ionisation event at a position, s, given by;
A(s,F) =  - [m]
(7cx(F)ni(5)-P < (7,v >«  {T^(s))n^(s) [ ~ J
a =  Plasma minor radius [m]
A thorough calculation of <0".v>^ would include the detailed
distribution of the background neutral velocities relative to an ion of energy,
E, along a chosen direction. This would be an exceedingly time-consuming
calculation, so, instead, the mean relative energies, <E >, are calculated and
rtt
used to compute <0'.v>. The velocity used is obtained from <E >. Since <C5'.v> is
r t l  C *
only weakly dependent upon the relative particle energies below 20.0keV, the 
procedure adopted in its calculation is not important and the method used in the 
code is sufficiently accurate for our purposes.
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The product dA.dQ, is determined by the étendu of the analyser and is 
defined by the collimating slits si, s2, of the NPA, and is constant along the 
line of sight. Taking into account the contribution of the prompt neutral flux 
from all positions along the chord, perpendicular to the plasma surface, by 
integrating eq.2.2., the following expression is obtained:
1 d N ( E ) 1 r i i ( x ) T i o ( x )  f  E  \
Ei/2 dE ~  Jo ^  j v ( x , E ) d x A A A Ü
- 2 .3
The charge exchange cross-section is a weak function of the relative 
energy of the ion and neutral at the energies of 100.OeV to 4.0keV considered 
here. Therefore, for a uniform plasma which is not too opaque to the passage of 
neutrals, a plot of:
In v’s E  will be linear with a slope of —1/2}. "2-^
Therefore, the convention is followed that the neutral flux is expressed as 
In (dN (E)/dE.c’^ )^
Since similar neutral spectra might be generated from a wide range of 
ion temperature profiles by altering the electron temperature and density 
distributions, we will need to use the measured values of these latter 
quantities. A soft X-ray spectrum analyser (Si(Li) detector ) [Alper, Martini, 
1985] and Thompson scattering diagnostics [Evans,Storey,1985] are used to 
determine the axial electron temperature, T (0), and a three chord CO
° At
interferometer is used to estimate the electron density distribution. Only
occasional T (r) measurements are available from off axis Thompson scattering 
e
measurements and Surface Barrier Diode soft X-ray detectors which are filtered 
to detect CV lines (34.9^, 40.25Â and 40.73Â) [Gee,1988]. The electron and ion
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densities are best represented by distributions of the form:
n^ (r) = ne(0)(l - (r/tt)”), n =  2,3 "2.5
whilst the electron temperature is represented by a similar distribution with n 
from 4.0 to 6.0. Because of the general lack of measurements of the 
distributions of T (r) and n (r), for most plasmas, it is important to quantify
& e
the resulting uncertainties on the ion temperature measurements due to the lack 
of knowledge of these profiles.
Monte-Carlo simulations of the neutral atomic energy spectra are shown 
in fig.2.14. for a range of the central ion temperatures. The parameters used 
for this figure are:
T, [t ) =  (T,(0) - 5.0)(1 - (r/af) +  5.0 [eV] A
Ti(r) =  (ri(0)-5.0)(l- ( r / a f )  + 5.D [eV] -2.7
- 2.8=  ((n^ ,i(0) - 0.1)(1 - (r/a)^ ) + 0.1) X 10^ ® [m
C2.Z>ctO‘' u^s"'V
with a neutral influx velocity of 5.0eV^. This value is characteristic of that 
following molecular dissociation [Wharton,1975] and is in agreement with the 
measured influx velocity for the deuterium, found from the Doppler shift of the
line centre of the cool (7.0+/-1.OeV) component of the D-^ line emission as
measured on HBTXIB by the present author. Any change in these parameters will
affect these distributions to some extent. However the slope of the spectrum is
seen to be linear at energies greater than approximately five times the peak ion
temperature. This is because the exponential form of the Maxwell-Boltzmann
distribution ensures that the flux of neutrals at the higher energies is
dominated by the flux from the hottest region along the line- of-sight of the
analyser. The form of the spectrum at these higher energies is shown (see 
below) to be largely independent of the distributions, whilst the curvature of 
the spectrum at the low energies is dependent upon the profiles, primarily those
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Fig.2.14. Monte-Carlo simulations of neutral particle spectra for a range
of central ion temperatures with fixed relative distributions
of T (r) and T (r), (T (0) * T (0)) and a constant distribution 
i e i e
of n (r).
of the density and the ion temperature. Therefore,by fitting the higher energy
end of the spectrum to that observed experimentally by adjusting the axial ion
temperature and then adjusting the ion temperature distribution to obtain a best
fit to the data, an estimate of the ion temperature distribution can be made.
Such a comparison of the measured and calculated spectrum is shown in fig.2.15.
19 " 3
for plasma parameters of I, = 200.OkA, n (0) = 3.8x10 m , T (0) =298.OeV, 0 =
f  e e
1.35 and fully centred plasma. Other parameters are as for fig.2.14.. The 
measured spectrum is a composite from four similar plasmas where the NPA 
deflection plate voltage, U , was changed to encompass a range of neutral
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Fig.2.15. Comparison between Monte-Carlo simulations and the measured 
neutral particle spectrum.
energies from 80.OeV to 3.8keV. The spectra are integrated over 1.0ms of the 
sustained phase of the plasmas. Although the temperatures and densities of the
plasmas are quite reproducible, the neutral flux exhibits a complex temporal
behaviour; therefore the spectra from different plasmas are normalised by 
matching the fluxes where the channel energies overlap on successive spectra 
with differing energy coverage. Over most of the spectrum the different ion 
temperature distributions have only a marginal effect as illustrated in fig.15. 
where an ion temperature distribution of the form:
7;(r) =  (ri(0)-5.0){l-(r/a)"r +  5.0 [eV] -2.9
The profiles shown have n = 2.0 and 6.0 with m = 1.0 and n = 2.0 with m = 2.0.
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The density profile was found to have a negligible effect on the spectrum with 
profiles of the form of eq.2.8. with n = 2.0 and 3.0 being indistinguishable
within the measurement errors on the experimental profile. The electron
temperature profile of.the form given by eq.2.6. with n = 4.0 to 6.0 also had
negligible effect upon the shape of the spectrum. This is because the rate
coefficient for the electron impact ionisation of the neutrals is largely 
independent of the electron temperature over the range of temperatures used here 
[Freeman,1974].
The presence of non-Maxwellian ions cannot be dismissed, as can be
seen in the highest energy channel at 3.8keV, which shows a flux that is higher
than that expected from the constant spectral slope extending over the range of
l.OkeV to 2.7keV. This observation of high energy non-Maxwellian ions is 
consistent with the very high ion temperatures obtained from the energy spectrum 
of the high energy neutrals observed on Zeta using a Surface Barrier Diode 
detector system [Powell,1986]. These non-Maxwellian ions are more in evidence
in the early phase of the plasma duration, as will be discussed below.
Since the NPA has been absolutely calibrated in terms of the neutral
flux detected, it is possible to estimate the neutral particle density 
distribution in the plasma by a comparison of the measured flux and that 
calculated with the AURORA code. The neutral density distribution obtained in 
this way, for the same plasma as in fig.2.15. is shown in fig.2.16., along with
that obtained by direct measurement using a fluorescent scattering technique
[Evans,1985]. Further developments of the fluorescent scattering technique has 
enabled the energy distribution of the neutrals to be measured and the results 
corroborate the prediction for the neutral energy distribution by the AURORA
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Fig.2.16. Comparison between simulated neutral particle density distribution 
and that measured by fluorescent scattering.
code [Forrest,1987]. This supports the assumption that the neutral spectrum 
observed is due to the temperature and density profiles assumed and not due to a 
cooler ion temperature and the presence of non-Maxwellian ions. This issue will 
be considered in more detail below.
The influence of the various features which we have so far neglected
or which are not included in the code will now be examined. In fig.2.17. and
fig.2.18. are shown the effects of including the reflection of neutrals at the 
wall on the distributions of the neutral atom densities and energies. The
influence is marginal and even less so on the emitted neutral energy spectrum as
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Is shown In fig.2.19. The reflection model used Is described In the paper on
the AURORA code by Hughes and Post. This effect Is, therefore, Ignored In the
code runs used for the analysis. Recombination of Ions and electrons to form a
source of neutrals Is not Included In the code. The steady state neutral
density due to recombination has been calculated [Afroslmov,1982] and compared
with that from charge exchange transport calculated using AURORA for a wide
range of conditions and Is always found to be less than that from charge
exchange transport except at electron densities above those considered In this
— 3
present Investigation. Typical values are 1.0x10 m due to recombination and 
15 —3
5.0x10 m due to charge exchange transport at the conditions specified In
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Fig.2.18. Code simulations of the neutral particle energy distribution 
with and without scattering of neutrals from the wall.
fig.2.15. The recombination neutral density also peaks on axis, thus enhancing 
the flux of neutrals at the higher energies, making the spectral slope even more 
representative of the Ion temperature on axis. This Is not always the case In 
Tokamaks where the neutral density from charge exchange Is much lower because of 
the less vigorous recycling required to maintain the density as a consequence of 
the longer particle confinement times, typically about 100.0 times higher In the 
Tokamak than the RFP.
The presence of Impurities Is not as serious a complication to the 
neutral transport as It may appear. This Is because the effect of the
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Fig.2.19. Code simulations of neutral particle energy spectrum emitted from 
the plasma with and without scattering of neutrals from the wall.
impurities is largely self-compensating. Whilst the impurities will reduce the 
ion density with respect to the electron density, there is a corresponding 
increase in the charge exchange cross-section, which has an approximately linear 
dependence upon the charge state of the interacting impurities. Thus it is only 
when the total ion energy content is required that consideration must be given 
to the impurities. In the HBTXIA/B experiments the principal impurity 
concentrations are typically 1.0% to 2.0% of carbon and oxygen, about 0.1% iron 
with respect to the electrons, and the core ion states are predominantly CV,OVI 
and FeX to FeXII [Carolan,1984],[Alper,1986], [Carolan,1987]. Thus, ion 
depletion is not very significant where typically the ion density is 0.8 of the
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electron density in HBTXlA/B plasmas.
To determine how the fluxes detected in the NPA channels relate to
positions within the plasma, the flux contribution to each channel from each 1
position along the line-of-sight are calculated. Equation.2.3. is used for
this purpose, together with the AURORA code calculations of the neutral density
profile. The results of these calculations are shown in fig.2.20(a,b,c and d).
In fig.2.20(a,b and c) the same range of neutral energies are used (528.OeV to
1892.OeV) whilst in fig.2.20(d) a lower range of neutral energies is examined
(157.OeV to 567.OeV). All cases have T.(0) = T (0) = 250.OeV but with n (0) =
19 -3 t e  e
1.0,3.0,5.0 and lD-0 xlO m for figs.2.20(a,b,c and d) respectively. Positive i 
values of the radius correspond to positions on the NPA side of the minor axis 
of the machine. The neutral energies shown relate to the central energies of
the NPA channels. Neutrals suffering from attenuation can be identified from 
the profile asymmetry that they exhibit. Opacity is not too severe a problem 
for the range of conditions and neutral energies shown at the usual plate 
voltage setting used with the NPA of 708.0V. Nevertheless, it is not
insignificant and account should be taken of its effect when interpreting the j 
neutral spectra in terms of the ion temperature. In fig.2.20. it can be seen 
that there is generally a significant flux of neutrals emitted from the plasma 
centre. There is, therefore, no need to extrapolate the results to obtain the 
value of the axial ion temperature.
The spatial profiles of the flux contributions are extended over most 
of the plasma with a strong weighting to the periphery for the low neutral 
energies (cf fig.2.20(d).) and a more modest weighting at the central region 
for the higher energies. Thus, a single line of sight through the minor axis
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will yield neutral spectra which are not strongly influenced by the ion
temperature distribution, except at the lower neutral energies (100.OeV to 
500.OeV). Therefore, provided the detected neutral energies are about 5.0 to
10.0 times the axial ion temperature, axial ion temperatures can be measured
from the spectral slope. This is borne out in fig.2.14. as referred to
earlier. Fig.2.21. shows, under the same conditions as in fig.2.20(b)., the
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separate contributions to the neutral energy spectrum from various radii in the 
plasma. The curved lower energy region can be seen to be formed from the high 
fluxes of neutrals from the cool edge plasma where the neutral density is high 
and the higher energy part of the spectrum is due to the hot central region.This 
again corroborates that the high energy part of the spectrum represents the
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Fig.2 . 2 0 . Calculated spatial distributions of source neutral fluxes emitted
from the plasma at typical energies for the NPA channels. Four
cases are shovn;- (a),(b) and (c) have the same channel energies
(E = 526eV to 1892eV for NPA plate voltage, U » 708V ) and 
o plate
19 -3 19 -3
n (0) = 1.0, 3.0 and 5.0x10 m ; (d) has n (0) = 3.0x10 m 
e e
and U = 211V appropriate for accessing low energy neutrals 
plate
vhos flux is more sensitively dependent upon the distribution.
temperature of the hottest region along the Ilne-of -sight.
2-t3.2 Measurement of the Nevtrel .Deuterium Enerjüg Distribution— by— Fluorescent
Scattering.
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The radial distribution of the neutral deuterium energies is 
calculated by the Monte Carlo code, e.g. as in fig 2.18.. This distribution is 
not that of the ion temperature since the transport of neutrals into the plasma 
favours the penetration of the higher energy neutrals as these are present in 
the plasma for less time, thus having a lower probability of electron impact 1
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Fig.2.21. The neutral energy spectrum emitted from localised radial 
positions in the plasma. These positions are a t r =  -0.2, 
-0.1, 0.0, 0.1, and 0.2m. Profiles are as for fig.2.14.
II - s
and T (0) = T (0) «= 250.OeV and n (0) - 3.0 xlO ■ . Positive
i » &
radii are on the NPA side of the minor axis.
ionisation before reaching the centre of the plasma. A comparison of the 
measured and calculated neutral deuterium energy distribution within the plasma 
would provide a confirmation of the T\(o) obtained from the NPA. This has been 
done by measuring the Doppler broadening of the fluorescent line emission from 
the D^(4686Â) transition which is pumped with a laser [Forrest,1987]. A
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Fig.2.22. A comparison of the radial distribution of the mean neutral
deuterium energy as measured by fluorescent scattering and
as calculated using the Monte-Carlo Code. In the model code,
profiles are as for fig.2.14. and T (0) = T (0) = 150.0 and
i  •
250.OeV in the two cases shown, these values correspond to 
the range of temperatures expected from the scaling of T (0) 
and T (0) with 1 and n (0) as in eqs.2.11. and 2.12. as
i t *
found from experiment.
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Gaussian line profile is assumed, the ratio between the intensity at and off
line centre measured with interference filters offers a determination of the
neutral temperature. A comparison between the measured and calculated neutral
deuterium temperature is shown in fig.2.22.. Measurements could only be made
within the first 1.0ms of the sustainment phase of the plasma when the density
was high, and during this period the ion temperature could not be measured with
the NPA as the emitted neutral energy spectrum was dominated by the high energy
non-Maxwellian component at this time. In fig.2.22. T.(0) is assumed to be
n -3
150.OeV and 250.OeV and n = 5.0 xlO m . This value of density is typical of the
c
initial phase of the plasma and the T^ (0) values span the values of T.(0)
expected from the scaling of T.(o) with n and I obtained during the sustainment
t e <p
phase of the plasma. An additional complication is that the technique could not 
be applied to the central regions of the plasma where the neutral density was 
too low to make the measurement. The results, however, are consistent with the 
calculated distribution and, therefore, give credence to the ion temperature 
distribution chosen to match the measured to the calculated neutral energy 
spectrum.
2.3.3 The Relationship between the Neutral Energy Spectral Slope and Axial Ion 
Temperature.
It is more relevant, in HBTXIA/B, to determine axial ion temperatures 
rather than the ion temperature distribution when attempting to elucidate how 
the ion heating depends upon the other parameters. This is both because of the 
difficulty in obtaining detailed ion temperature distributions and because most 
of the electron temperature data available are only axial values. From 
numerical simulation we find that the maximum ion temperature along a 
line-of-sight can be measured easily from the neutral spectrum, provided that
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the range of neutral energies detected is about 5.0 to 10.0 times the peak ion 
temperature. As the NPA is often operated with a fixed energy coverage for a 
range of plasma parameters it is not always the case that sufficiently 
energetic neutrals are detected to measure directly the axial ion temperature. 
It is in any case impossible to predict the correct range of detected neutrals
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without prior knowledge of the ion temperature to be measured. The correction 
necessary to calculate the axial ion temperature from the neutral energy 
spectral slope will be greatest at high temperatures for a fixed energy 
coverage, mainly because the cooler edge regions will make significant
contributions to the spectrum over the energy range considered. There are many 
parameters which could be adjusted to fit the calculated spectrum to that 
measured. However, it is not reasonable to fit the many spectra obtained
throughout the duration of a single plasma discharge. It is preferable to 
determine the slope of the spectrum and then have a procedure to relate it to 
the axial ion temperature taking into account the factors most affecting the 
result obtained.
With this objective, the AURORA code has been run for a range of
conditions (i.e. various T. (0), T (0), n (0) and various profiles) and the
t e e *
ratio of the axial ion temperature to the parameter, T^ , obtained from a least
squares fit to the spectral intensities at the energies corresponding to the
central channel energies of the NPA at a specified plate voltage. The quantity 
*
T. is defined as;
- 1
- 2.10
The results of these calculations are shown in figs.2.23(a,b and c).
*
In these figures the values of T\(0)/T.are calculated for the most commonly used 
NPA plate voltages for cases where the least squares fit is taken between all 
the energies corresponding to the NPA centre channel energies and between the 
highest three centre channel energies. At the most commonly used NPA plate 
voltage of 708.0V, the ion temperature profile has only a small effect on the
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value of (0)/T\ even when the value is taken over all five NPA channel
energies, as is shown in fig.2.23(a). A similar statement applies to the effect 
of the density profile as shown in fig.2.23(b). At the lower plate voltages,
*
Fig.2.23. An estimate, T, of the axial Ion temperature can be made from the 
i
slope of the neutral particle energy spectrum. The calculated
correction factors vhich are needed to relate T to T  (0) are
1 1
shown here, for neutral energy ranges corresponding to various*
NPA plate voltages. Full and broken lines are for T 's obtained
from spectral slopes covered by energies of channels 1 to 5 and
3 to 5 respectively. The dependence is shown of T /T (0) on (a)
1 1
the T profile, (b) the n profile and (c) the central n for a 
i e e
6.0
range of T and n %diere T (r) = T (0)(l-(r/a) ), T (r) =
1 e e e i
2.0
T CO)(l-(r/a) ) and T (0) = T (0).
i i e
profile effects are important, and the corrections are large and so unreliable
due to uncertainties in the ion temperature and density profiles. Therefore,
these lower plate voltages are used only for diagnosis of low temperature
plasmas or in obtaining a neutral energy spectrum with a wide energy coverage in
conjunction with the higher plate voltages. The electron temperature profile
Ik
has an insignificant influence on the value of T^(0)/I\. This is an important 
feature as the electron temperature is not available with sufficient time 
resolution (typically available at 1.0ms intervals, averaged over six plasma 
discharges) and also that it is desirable that neither quantity too strongly 
influences the measurement of the other, the measurements can then be largely 
independent of one another.
A family of graphs as shown in fig.2.23(c). was produced for each
commonly used plate voltage (U = 211.0V, 372.0V, and 708.0V) representing the
dependence of T,(0)/T.on the T.(0) and n (0) for a fixed set of profiles. A 
1 / 1  \ e
program was developed for interpolating between these discrete values to give
Chapter.2. The Experimental Investigation of the Ion Energy Balance. Page.123
3r-
Chs 1 -5  
Chs 3 -5
,5eV
*5eV
01)x10»m-3
U plate(v) Curve no.
211 1
372 2
708 3
r i
m
8
Fig.2.23(b)
the value of T^(0) from the value of T\obtained from the spectral slope at the
experimentally determined values of electron density and ion temperature.
Measured values of T (0) and [n ] (chord integrated) are taken from the recorded
e e
data for a particular plasma and it is assumed that the T« (0) value is that
Ik ^
directly obtained from the T^value taken from the spectral slope derived from a
least squares fit to the flux from the three highest energy channels, the
correction factor is then calculated from the multi-dimensional data base and
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used to determine T. (0). If the correction is small an iteration of this 
procedure is not necessary. However, a facility to do this was developed and 
rapid convergence to 1.0% accuracy occurs in a few iterations.
This algorithm can be applied to each data point in a time history for
*
temporal studies and also to averaged values of T* as is done when making
definitive statements on the parametric dependence of T.(0) on T (0), n (0), etc
t e e
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2.4 Ion Temporal Behaviour and Scaling Studies with 156 Limiters in Position.
Neutral particle spectra have been obtained in the HBTXIB experiment
for a wide range of plasma parameters, i.e. plasma currents of 80.0kA to
n -3 19 -3
540.OkA, electron densities of 1.0x10 m to 5.0x10 m and electron temperatures of
100.OeV to 800.OeV. The data presented here are for optimised plasmas i.e.
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where the plasma resistance is a minimum, achieved by fully centring the plasma
with the vertical field, cleaning the vessel wall, optimising shell gap field
errors, etc. In this section results are discussed from plasmas with the 156
graphite limiter tiles in position. The neutral fluxes are averaged over a time
period to improve the statistics earlier in the discharge when the neutral flux
is lower than later in the discharge. For temporal studies the fluxes are
averaged with a sliding Gaussian filter of 250.O^s 1/e width, and for scaling
studies the fluxes are box car averaged over a 500.O^s period. The electron
temperature is, in any case, only available with 1.0ms resolution from the
Si(Li) detector, averaged over typically six reproducible discharges.
Occasionally Thompson scattering measurements confirm these results on a 100.0ns
timescale once during a plasma discharge. The electron temperatures are not
available in the early phases of the plasmas, when the temperatures are less
than 100.OeV, due to the low photon energy limitation of the Si(Li) detector of
800.OeV. The scaling of the electron temperature with the density and plasma
current, discussed below, is therefore used to simulate the electron temperature
at these times. Since this scaling is obtained from the sustainment period, it
cannot be expected to yield very accurate estimates of the electron temperature
during this period where the 0 value and profiles may be varying, it is however
adequate for the initial estimate of T as the T.(0) value does not sensitively
e t
depend upon the T assumed. As the ion temperature and density profiles are 
unknown during these early times, as indeed they are under most conditions, 
there is a danger in over interpreting the data, therefore, only the prominent 
features of the results will be noted in this period. During the sustainment 
period the plasma parameters are well within the range of conditions specified 
above and consequently interpretation of the data is much more straightforward.
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Examples of the temporal behaviour of T (0) obtained from Si(Li)
6
detector measurements averaged over six plasmas, T (0) determined from the
*■
scaling behaviour with I,and [n ], T. obtained from the spectral slope of the 
neutral energy distribution and T^(0) calculated from the T.values, corrected 
for the effects of opacity and distributions as described above, are shown in 
figs.2.24(a and b). In fig.2.24(a). the region of the energy spectrum from 
995.OeV to 1892.OeV is fitted and in fig.2.24(b) the region from 296.OeV to
Fig.2.24. Temporal behaviour of the neutral energy spectral slope, or T,
i
and T (0) and T (0). Standard discharges of 200kA are used with 
i e
different NPA energy coverage vis (a) U = 708V, (b) U =
plate plate
211V, the broken curve for T is obtained from a scaling of T
e e
with I and n . Occasional error bars are shown on the curves
4 e
from the weighted least squares fit to the energy spectra. The*
continuous lines are the T (0) obtained from the T using the 
1 1 
described correction procedure, parabolic T  and n profiles are
i •
assumed. The discrete points, with the associated error bars,
are from the Si(Li) detector to give T (0), o symbols,
and from Aurora code best fits to give T (0),"x"symbols.
1
*
563.OeV is fitted when obtaining T* values. Note the marked contrast in the
41 I
behaviour of the derived T.(0) values obtained in the two cases, fig.2.24(a).
t
shows very high temperatures during the setting up and termination phases of the 
plasmas, whilst fig.2.24(b) shows temperatures similar to those derived during 
the sustainment phase. The evolution of the shape of the neutral energy 
spectrum during the plasma discharge provides some insight to the role of 
possibly non-Maxwellian ions in explaining this phenomenon. The neutral energy 
spectrum is shown in fig.2.25. at times from 2.0ms to 3.0ms and from 5.0ms to 
6.0ms. The changes in the form of the spectrum are highlighted by fitting two 
straight lines to the lower and higher energy ranges. The higher energy fit 
corresponds to an ion temperature of 1500.OeV and remains of a constant 
amplitude. The lower energy fit corresponds to a lower temperature which
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Fig.2.24(b).
increases with time during the plasma discharge, as is shown by the discrete 
points in figs.2.24(a and b) ,and this part of the spectrum dominates 
increasingly over the higher energy region with the evolution of the plasma. 
The fraction of energy in the higher energy part of the spectrum compared to 
that in the lower energy part has been estimated at the two times shown in
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Fig.2.25. The neutral particle apectrum at t = 2-3 ms and t ** 5-6 ms
showing the decreasing importance of non-Maxwellian ions with 
time.
fig.2.25 as 0.3% at 2.0ms to 3.0ms and 0.03% at 5.0ms to 6.0ms. During the
later time of 5.0ms to 6.0ms the spectrum at 3.8keV remains departed from the
linear form of the spectrum at energies between 1.5keV and 3.0keV, for this
reason the higher plate voltage setting of U = 1416.0V is not used when making
pLok
ion temperature measurements, as this setting encompasses this region of the
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limiters in position, 6 = 1.35, I = lOOkA to 440 kA, [n ] =
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1.0x10 m to 3.0x10 m ).
spectrum.
Although it cannot be dismissed that the bulk of the ions are heated 
via the high energy ions, this is considered to be unlikely because of the long 
thermalisation times of these high energy ions compared with the energy 
confinement time and the small total energy in these ions.
In determining the scaling of the ion temperature with the other
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plasma parameters sustained plasmas with a constant plasma current are used. 
The plasmas were of a constant 0 value of 1.35 and with full centring vertical 
field [Noonan, 1985] except at the currents above 300.OkA for which the maximum 
vertical field available was insufficient to centre the plasmas.
central
A statistical regression analysis of the dependence of the measured
ion temperaturesj T . (0), on the plasma current, I , and the chord
?
averaged density, [n^], gives a scaling of the form;
Ti(0) =  [eV] -2 .U
with a similar scaling for the central electron temperature of;
r.(0) =  213.0ln.]-®-®‘’\xl0’®[m-=))/®»®^(xl0*[yl]) (eV]
and for the sum of the central ion and electron temperature;
r((0) +  r,(0) =  401.0[n.]-®"®^(xl0'®[m-=])/^««®(xl0'[yl]) [eV]
These scalings are shown in fig.2.26. The similar scaling for the ion and
electron temperature can be seen in fig.2.27. where the ion temperature is 
plotted as a function of the electron temperature. The scatter in the points in 
fig.2.26. and fig.2.27. indicates that not all of the relevant parameters have 
been included in the scaling. This is typical of such scalings e.g. the 
various Tokamak scalings [Rebut, 1986]. The scaling of the sum of the axial ion 
and electron temperature shows a similar scatter to that of the scalings of the 
individual quantities, this suggests that the combined quantity is no more 
phenomenologically related to the scaling parameters than the individual 
quantities, as may perhaps be expected if a total beta limit controlled the ion 
and electron temperatures. The plot of the axial ion versus the axial electron 
temperature suggests that the quantities are related but not strongly. The 
scaling of the axial ion and electron temperatures with density and plasma
A.R.Field. Ion Behaviour in the HBTX1A\B Reversed Field Pinch. Page.132
800
D - Tj (eV) FROM NPA
700
600
500
300 □ □Û
200
100
0 100 200 300 400 500
Te (eV)
Fig.2.27. Scatter plot of T (0) versus T (0) for the same data as used in 
i e
fig.19.
current is seen most clearly when density normalised temperatures are used, as
V x
indicated from the regression analysis. The linear dependence of T, (0)[n ] and
Vz ^ ®
T (0)[n ] with I is shown in fig.2.28(a and b).
& M
2.5 Ion Behaviour in Non Standard Conditions.
The data presented in the previous section for plasmas with 0 values 
of 1.35, largely fully centred and with 156 graphite limiter tiles protruding
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Fig.2.28(a). Density normalised T (0) scaling with I for the same data as
i f
used in fig.19.
into the plasma show that the axial ion and electron temperatures are about 
equal over a wide range of electron densities and plasma currents. This is a 
remarkable result, especially as the ions and electrons are decoupled 
collisionally, as will be shown below. In chapter.3. a possible explanation of 
this is presented, which is a first attempt at treating the ion power balance, a 
more complete model would require detailed models of electron and ion transport 
and ion heating to be self consistently included. The dependence of the ion 
temperature on the electron temperature is no stronger than its dependence on 
the density or plasma current suggesting that they are not directly related. 
The near coincidence may be a consequence of the prevailing conditions in the 
HBTXIB RFP. Below are presented results from a series of experiments which show
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Fig.2.28(b). Density normalised T (0) scaling with I for the same data as 
used In fig.19.
some of the parameters which affect the scaling of the ion temperature with 
electron temperature and which form a part of the evidence supporting the ion 
heating model presented in chapter.3. These include operation at high 0, with 
the insertion of a graphite tile into the edge of the plasma, on removal of the 
156 limiter tiles and with the removal of the centring vertical field.
2.5.1 High-0 Operation.
Increasing the 0 value, the ratio of plasma current to toroidal flux, 
requires a higher toroidal loop voltage, V, , to sustain the plasma current, e.g.
f
for I. of 200.OkA V,increases from 30.0V at a 6 value of 1.35 to 100.OV at a 6 
?  9
value of 1.7. The temporal behaviour of T. (0) and T (0) at a 0 value of 1.7, I,
M -3 t & ?
of 200.OkA, and [n ] of 2.0x10 m is shown in fig.2.30. The continuous curves
G
are from the scaling for T (0) obtained under ’normal' conditions but normalised
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Fig.2. 2.9. Schematic diagram of the mobile limiter used in HBTXIB.
to the T (0) value measured with the Si(Li) detector and T. (0) from the neutral
e t
energy spectral slope. The discrete points are averages taken over ten plasma
discharges. The ratio of T.(0) to T (0) is seen to increase from about I.0 with
t  e
the 0 value of 1.35 to 1.3 -f/- 0.2 at the 0 value of 1.7.
2.5.2 Mobile Limiter Experiments.
Results are presented from a series of experiments in which a mobile 
limiter tile of dimensions 0.06x0.05x0.005m made of pyrolytic graphite is 
inserted into the plasma edge in order to intercept the flux in this region. 
The wide face of the limiter is normal to the field and the axis of high 
resistivity parallel to the field. The arrangement is shown in fig.2.21. The 
experiments were carried out to determine the effect of the dissipation of 
helicity at the plasma boundary caused by the insertion of, the limiter [Jarboe,
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Fig.2.30. Temporal behaviour of T (0) and T (0) for high-6 operation, 6
i e
1.7 and 1 = 200 kA, the discrete points are averaged over 10 
discharges.
1987],[Alper, 1987] on the loop voltage required to sustain the plasma current. 
Insertion of the limiter into the plasma increases the toroidal voltage
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Fig.2.31. The dependence of T (0) and T (0) on the distance of insertion
i e
of the mobile limiter beyond the limiters.
necessary to sustain the plasma current at a fixed 0 value in direct proportion
to the amount of flux intercepted. The temporal behaviour of the ion and
electron temperature is shown, in fig.2.32.. for a limiter insertion distance of
0.06 m, I of 200.OkA and a 0 value of 1.35. The ion temperatures are derived 
Y
from the slope of the neutral energy spectrum for a single shot and the electron
temperatures from the Si(Li) detector averaged over ten similar shots. The
value of T.(0)/T (0) is seen to increase, from the values of about 1.0 with the 
\  e
limiter retracted, and this increase becomes more pronounced at later times in
the plasma discharge, reaching a maximum value of about 2.0. The increase in Z 
due to impurity contamination caused by the limiter is from about 2.5+/-0.5 to
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Fig.2.32- Temporal behaviour of T  (0) and T (0) with the mobile limiter
i e
inserted 0.06 m beyond the graphite limiter tiles.
3.5+/-0.5 and is insufficient to account for the increase in the measured loop 
voltage [Alper, 1987],[Carolan, 1987]. The behaviour of the central ion and 
electron temperatures versus the insertion distance of the graphite limiter is
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shown In fig.2.31. The loop voltage Is adjusted to maintain the plasma current
V fVl
X  Experimental 
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Fig.2.33. The dependence of T (0)/T (0) on the distance of insertion of the
1 e
mobile limiter beyond the limiters. Also shown are the associated
loop voltages and the values of T (0)/T (0) predicted using an
i e
ion power balance model, (I = 200 kA, 6 = 1.35).
at a fixed value of 200.OkA and at a 0 value of 1.35. The Ion temperature Is
seen to Increase from about 200.OeV with the limiter withdrawn to about 400.OeV
with the limiter at 0.06 m Insertion distance, and the electron temperature Is
seen to decrease from about 250.OeV with the limiter withdrawn to 200.OeV at
full limiter Insertion. The results are best represented by plotting the ratio
of T , (0)/T (0) versus the Insertion distance of the limiter, as shown In
i 6
fig.2.33.. Also shown In this figure Is the toroidal voltage required to
sustain the plasma current and the value of T.(0)/T (0) as predicted by the
t e
simple Ion power balance model presented In ch.3. The ratio of T.(0)/T (0) Is
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Fig.2.34. The variation of the loop voltage, V , with insertion distance
tîles. V isof graphite and pyrolytic graphite corrected for
changes in the plasma inductance and current, i.e. V = I R
4 4 P
where R is the plasma resistance. For V less than 50V similar
P 4
loop voltages are found for each insertion distance for the 
two tiles.
seen to increase approximately linearly with limiter insertion distance, as is 
the toroidal voltage.
The striking increase in T.(0)/T (0) with limiter Insertion distance
e
shown in Fig.2.33. should be interpreted with caution. Although the power 
balance model presented in chapter.3. reproduces these results favorably it 
does not include the effect of the increase in carbon impurity which may be 
contributing to this trend. The electron power balance will be affected by the 
increased radiation losses from the carbon ions, and the deuteron ion ^
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temperature measured by the NPA may be effected by the depletion of the deuteron
density by the carbon ions. In chapter.3. the effect of including these terms
in the model will be discussed. Here an attempt will be made to show that these
results indicate a significant increase in T.(0)/T (0) and V.in conditions where
•V e f
these effects are no more important than with the tile withdrawn.
In what follows the loop voltage, V. , is that which is required to
T
maintain a plasma current of 220.OkA at a 0 value of 1.35. The pyrolytic tile 
is used because of its tensor conductivity, it has a higher resistance across 
its faces than a similar amorphous graphite tile. In the pyrolytic tile the 
energy required for removal of the graphite planes is much lower than for the 
removal of material from the amorphous graphite. Thus, it caused higher carbon 
contamination than the amorphous tile. NPA measurements were made only on 
insertion of the pyrolytic tile.
In fig.2.34. is shown the dependence of the loop voltage, V., on the
9
insertion distance of an amorphous and a pyrolytic tile. The loop voltage has 
been corrected for the change in the plasma current and the inductance. The 
insertion distance is measured from the liner, and the edge of the limiter tiles 
is at 0.005m. In the case of the graphite tile the data are selected such that 
the intensity of the CV(2271.oX, ls2s - ls2p) transition line radiation is less 
than 20.0% above the case with the tile withdrawn. Such a selection is not done 
in the case of the pyrolytic tile data. It may be important to determine the 
effect of impurity contamination on T.(0) and T (0). This accounts for the
\ e
greater range of V, for the pyrolytic case at a given insertion distance.
t
Although the T was not measured for the graphite case, the minimum values of V,
t t
at each insertion distance, corresponding to low impurity contamination from the
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Fig.2.36. The dependence of T (0) and T (0) on the limiter insertion
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distance. The CV line intensity is represented by the 
horizontal line.
tiles, Is similar for both cases, so similar plasma behaviour Is expected for 
these conditions Identified as being at early times In the discharge.
The temporal behaviour of the plasma parameters of Interest here are
> Yl » ^ * I(CV) (CV line Intensity (2271.oX,ls2s - 
_ t  ? e
ls2p)), and radiated power density, P , for a variety of tile Insertion
Itux
distances. The radiated power density Is measured close to the tile and Is not 
typical of the total radiated power from the plasma as a whole. For the
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conditions prevailing In HBTXIB the Impurities are far from coronal equilibrium
and the CV Ionisation state Is typical of the plasma bulk [Carolan, 1987].
Between T = 50.OeV and 400.OeV where the CV mostly resides In HBTXIB the CVe
2271.oX line Intensity shows little temperature dependence but Is proportional
to n n(CV) [Itlkawa,1983]. 
c
Some time histories of T. (0) and T (0) are shown In figs 2.3?(a). and
t e
2.37(b). with and without tile Insertion (In this case 6.0cm beyond the
limiters), respectively. The results are averaged over 10 discharges to obtain
the required accuracy (+/-15.0%) In estimating T (0) from the SlLl detector.
Even at early times In the discharge (t<2.0ms) T.(0) Is greater than T (0) with
1 G
the tile Inserted and T.(0) approximately equal to T (0) with the tile removed.
i 6
At later times (t>2.5ms) T (0) decreases further but this Is associated with the
e
Increase In CV line radiation.
A comparison of T. (0) and T (0) Is shown in fig.2.36. for a range of 
•t e
tile Insertion distances and where the CV line Intensity Is represented by the
horizontal line. The Increase In T. (0) with Insertion distance Is accompanied
by a decrease In T^ (0), with the difference most marked at maximum Insertion
where T (0) Is seen to decrease from 280.OeV to 200.OeV whereas T. (0) Increases 
e "I
to about 400.OeV. It Is unlikely that has Increased with tile Insertion so
that the Ion heating has probably Increased substantially.
Since, even with no tile Insertion, the total Ohmic power Into the 
electrons Is typically less than half the total Input power and as the Ions are 
not being heated by electron-lon collisions. It Is reasonable to assume that 
some of the remaining power contributes to the Ion heating. The Increased loop
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Fig.2.37. The temporal variation of T (0) and I (0) ; (a) With the
i e
mobile tile withdrawn and (b) with the tile inserted 6cm.
voltage, at peak current time, with tile insertion is not due, at least directly 
to changes in the plasma resistivity [Carolan, 1987], [Alper, 1987] [Alper,
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pyrolytic graphite tile Insertion, from operation without
a vertical magnetic field, B ,on removing the edge tiles
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Tsui, 1987], so that enhanced ion heating may be expected.
The dependences of T.(0) and T (0) on V,are shown in fig.2.38., where
1 e f
T.(0) is seen to increase more than T (0) decreases. The disparity between T.(o) 
t e  t
and T (0) increases further when the CV line intensity increases more than 
e
50.0% above the case without the tile inserted, or in this figure, when V. is
?
greater than 50.0V. Provided that there are no major changes in the profiles
upon insertion of the tile, the increase in T^(0) represents a substantial
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Fig.2.39. The variation of [n ]T (0) and [n ]T (0) with loop voltage,
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V , for the same plasmas as in fig.3.36.
4
increase in the ion energy content in the plasma. This can be seen in fig.2.39. 
where n T.(0) is a factor of about 5.0 higher at the largest loop voltages than 
in the case with the tile withdrawn. There is at most only a factor of 3.0 
increase in the electron energy content. Thus, there is a clear net heating of 
the ions, even when ion depletion is taken into account, upon limiter insertion.
The ratio of T^(0)/T^(0) is shown in fig.2.40. for a variety of 
conditions but for I^of 220.OkA in all cases. Removing the edge tiles reduces V| 
and T . (0)/T (0) and removing the vertical field causes V. and T.(0)/T (0) to
t e  1 e
Chapter.2. The Experimental Investigation of the Ion Energy Balance. Page.147 
3
2 5
15
□ Tiles ♦ Limiter 
X No Tiles 
V No Tiles no Bv
%
X
30 60
V*
90
fig.2.40. The dependence of the ratio T (0)/T (0) on the loop voltage,
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V , associated with tile insertion. Also included are results
4
from operating without a centering vertical magnetic field, B ,
V
and removal of the vertical field, both with and without B .
V
increase. These extra data are consistent with the increase in Vi and T. (0)/T (o)
t e
with that with the edge limiters in position and varying the mobile tile 
insertion distance.
A close examination of the data shown in fig.2.40. reveals that the
higher T,(0)/T (0) values at each V,are associated with increases in the CV line 
t e Ÿ
radiation. Firstly, the separate dependences of T.(0) and T (0) with the CV
X &
line intensity are shown in fig.2.41. As noted earlier, for loop voltages below 
50.0V the data presented here should be similar to those from the insertion of 
the graphite limiter [Carolan, Bunting, Manley, 1987], [Tsui, 1987], [Alper,
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Fig.2.Al. A plot of T (0) and T (0) against the line Intensity I(CV)
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of the CV(2271.0A, ls2s - ls2p) transition. For HBTXIB
conditions I(CV) is approximately proportional to n n(CV).
e
When V > 50V, T (0) is not associated with I(CV) whereas T (0) 
t i C
decreases with increasing I(CV).
Tsui, 1987] where changes in the plasma resistivity do not account for the 
increased loop voltage. Above 50.0V impurity effects become important in 
determining the plasma resistance [Carolan, Bunting, Manley, 1987], [Tsui, 
1987], [Alper, Tsui, 1987]. In such cases T^(0) is almost independent of the CV 
line intensity whereas T^(0) decreases with increasing line intensity, as shown
in fig.2.41. Thus, the power balance of the electrons is being affected by the
enhanced injection of carbon and the associated radiative losses, see fig.2.35., 
but the power balance of the ions remains largely unaltered. Admittedly, the 
data base is too sparse to be entirely confident of such an interpretation, but
this seems to be a reasonable explanation.
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Without attempting further interpretation at present, the variation of
T^(0)/T^(0) with the CV line intensity as shown in fig.2.42. may be of value in
future attempts to construct an ion and electron power balance model for the
2
RFP. No association is found between T^(0)/T^(0) and I(CV)/n^and so showing 
that ion depletion and Z effects, at least in the central regions of the plasma,
cff
are not dominant effects in the power balance. It may also be noted that the 
mass density on axis is not substantially altered by ion depletion since the
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charge to mass ratio of CV/VI is similar to that of DI. Thus, the Alfven 
velocity will be similar. This may not be the case at the periphery because of 
the lower charge states of carbon.
Taking the complete set of results, including tile insertion and
removal, with and without the limiters, and with and without the vertical field,
the ion heating is found to be associated with the additional plasma resistance
above that due to the Spitzer resistance. These results strongly suggest that
the additional input power, dV,I,, is involved in the ion heating, where dV, is
T Y T
the loop voltage remaining when the Spitzer resistance is subtracted from the
electrically measured plasma resistance.
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2,5.3...Removal of the_6raphlte Limiter Tiles.
The 156 graphite limiter tiles were removed from the HBTXIB RFP after 
theories were developed relating the loop voltage required to sustain the plasma 
current and the effects of the dissipation of helicity at the plasma edge, as 
explained in chapter.1. On removal of the limiters, the loop voltage required 
to sustain the plasma current, at for example 200.OkA, is reduced from typically 
30.0V to 18.0V at a 0 value of 1.35 and with the plasma fully centred. The
temporal behaviour of T. (0) and T (0) with the limiters removed is shown in
i e.
fig.2.43. The ion temperature is seen to be constant at about 160.OeV, with the
electron temperature increasing from 300.OeV to 600.OeV during the duration of
the plasma discharge. The electron density behaviour is much the same in the
cases with and without the limiters in position. The approximate doubling of
the energy confinement time on removal of the limiters does not result in the
ion temperature being closer to the electron temperature, as would be expected
from collisional heating of the ions by the electrons, indeed the opposite is
the case, which supports the contention that the ions are not heated in this
way. The expected ion temperature from collisional heating with the electrons
n  -3
is 30.OeV, assuming T is 500.OeV, n is 3.0x10 m and t is 1.0ms, this value is
e e &
much lower than that observed.
If the observed ion temperatures are density normalised in the same 
way as those with the limiters in position, as in fig.2.44., the ion temperature 
is seen to behave in a similar way to that with the tiles in position, as in 
fig.2.28(a). However, the density normalised electron temperature exhibits a 
different behaviour than with the tiles in position as in fig.2.28(b). This is 
the result of the electron temperature increasing at the low currents and
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Fig.2.43. The temporal behaviour of T (0) and T (0) on removal of the 156
e i
graphite limiters, (I^* 200kA, 8 = 1.35).
densities. The ion temperature is also no longer proportional to the electron 
temperature, as with the limiters in position. This can be seen by comparing 
fig.2.45. with fig.2.27. where the ion temperature is shown versus the
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Fig 2.44. Density normalised T (0) and T (0) scaling with I on removal of
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the 156 graphite limiters, (0 = 1.35).
electron temperature with the limiters in position and removed respectively. It
is therefore clear that the ion temperature is reduced by making improvements to
the plasma boundary, T.(0)/T (0) being appreciably less than 1.0 with the tiles
\ &
removed. There is also a qualitative difference in the scaling of 1^(0) with 
current and density whereas T^(0) exhibits a similar scaling to that with the 
limiters in position. Caution must therefore be exercised before assuming equal 
ion and electron temperatures in any reactor study.
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Fig.2.45. T (0) versus T (0) for plasmas with the 156 limiters removed, 
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9 = 1.35.
2.5.4 Removal of the Centring Vertical Field.
Under normal conditions HBTXIB is operated with a centring vertical 
field, as described in ch.l., to minimise the interaction of the plasma with the 
wall by matching the outer flux surface with the liner. This also has the 
effect of minimising the loop voltage necessary to sustain the plasma current by
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reducing the helicity loss associated with the flux passing through the liner. 
Typical conditions with the optimised vertical field and the limiter tiles
removed are; I,= 220.OkA, 0 = 1.35, I(Bv) = 860.OA, dr < 8.0mm with n = 1.3 x
11 -3 * ®
10 m, T^ (0) = 440.OeV, T\(0) = 230.OeV, requiring a loop voltage of V^= 23.5V.
The loop voltage derived from the helicity balance, assuming a perfect plasma
boundary, V , is V = 7.8V giving V = 15.7V. With the vertical field removed the 
<t)KSp (ftcsp
resultant Shafranov shift of the centre of the outermost flux surface is 22.0mm
M — 3
outwards. Typical parameters are I,= 220.OkA, 0 = 1.35, n = 1.3 x 10 m , T (0)
+ «• c
= 290.OeV, T.(0) = 260.OeV, V = 38.0V, V = 14V and V = 24V.
t j>KSp
The increase in the loop voltage due to the removal of the centring
vertical field, dV, , is thus dV, = 8.3V. This increase in the loop voltage
necessary to sustain the plasma current due to the outward shift can be
interpreted either with the Jarboe and Alper [Jarboe, 1987] model where helicity
dissipation takes place in the vacuum region surrounding the displaced plasma
column or by the Tsui model [Tsui, 1987] where the flux beyond the outermost
closed flux surface intercepts the wall and passes through a potential
difference at the material boundary. The Tsui model predicts a potential
difference of d% = 10.OeV at the liner. This value of d^(enables the reduction
of the loop voltage required to sustain the plasma current on removal of the
graphite limiters, dV. , to be predicted at the measured value of 8.0V if
suitable geometrical assumptions are made. The Jarboe and Alper interpretation
of the surface terra being due to the helicity dissipation in the shadowed
-1
regions requires an E^ o^f 27.0Vm in the shadowed regions. If this model is used 
to explain the case of the effect of the equilibrium shift, the predicted 
increase in the loop voltage on removal of the vertical field is the same both 
with and without the limiter tiles in position. There is some problem with this
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model in the interpretation of the situation with the limiters out and the
plasma centred as there is a residual V. which is difficult to account for on the
Au)
basis of this model.
The ratio T.(0)/T (0) is typically 0.5 +/- 0.1 with the tiles removed
and the plasma centred and is seen to increase to typically 1.0 +/- 0.1 with the
tiles removed and the plasma uncentred. This increase in T. (0)/T (0) is
i 6
discussed in ch.3. and a possible explanation is proposed, the excess power
input to the plasma above that Ohmic heating the electrons is assumed to be
involved in heating the ions, this excess power increases by dH = dV, I on
■V 9"^
removal of the vertical field. It is an interesting observation that the ratio 
T.(0)/T (0) increases on removal of the centring vertical field to the value
1 e
typical of operation with the 156 limiter tiles in position.
2.6 The Time Delaved Cross-Correlation of the Neutral Fluxes.
The considerable temporal variations in the neutral flux observed in 
the NPA signals would severely complicate the analysis of the data if there were 
not a strong correlation between the fluxes at differing energies as this would 
indicate either rapid changes in the ion temperature and/or uncorrelated 
fluctuations in the neutral density across the plasma radius. The time delayed 
correlation of the neutral fluxes at different energies will determine the 
degree of coherence between them, and, if the correlation of the neutral flux 
with the D-o6intensity is determined, it can be established whether the neutrals 
originate from the vicinity of the NPA line of sight.
The normalised time delayed cross-correlation is determined from;
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p „ „ ( < )  =  R^„{t){R„„(0)R„„(0))-^/  ^ - 2 . 1 4
1 r T
/ m ( « ) / n ( <  +  t ) c!t  >  - 2 . 1 5
The <> brackets denote an ensemble average over many discharges and f (t)
m
denotes the flux from the mth channel.
Examples of p (t) calculated for the NPA fluxes and the D-06 signal 
Vmn
from six plasmas with a plasma current of 200.OkA, a 0 value of 1.35, fully 
centred, and with the 156 limiters in position are shown in fig.2.46. The 
numbers 1,2 and 5 represent NPA channels with central energies of 528.OeV, 
704.OeV and 1892.OeV respectively. The period, T, of integration is 1.0ms and 
is centred at 3.0ms from plasma initiation midway during the sustained phase of 
the plasma. The auto-correlation of channel 1 gives a measure of the temporal 
coherence in the signal. There is some coherence evident from the broad 
pedestal to the peak at zero time delay, this pedestal is a consequence of the 
small number of high intensity flux bursts seen in the raw data. This general 
form to the function is reproduced for the correlation between channel 1 and 
channels 2 and 5. The correlation at zero time delay is less for the 
correlation between channels 1 and 2 than the auto correlation of channel 1 and 
even less so for the correlation between channels 1 and 5 . There is also a 
broadening of the feature around zero time delay as channels are correlated with 
increasing energy separation. There is also a shift in the central feature, 
events are seen first in the higher energy channels as a result of the differing 
time of flight delay between the plasma and the detectors.
The cross-correlation between the D-o4 light intensity is weak and
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Fig.2.46. Time delayed correlation functions, ç (t), between neutral flux of 
different energies and the Doc line intensity measured along the 
same line of sight, results are averaged over 6 discharges.(I =
200 kA, e = 1.35) t
shows little structure. This implies that toroidally local influxes of neutrals 
at the line of sight of the detector have little direct influence upon the 
neutral or electron and ion density distribution in the plasma, i.e. it is the
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total Injection of neutrals from the wall that Is Important. This Is consistent 
with the AURORA code simulation of the neutral transport, namely, that the 
neutral transport Is dominated by high energy charge exchange neutrals rather 
than those coming directly from the walls. Because of the short transit time of 
the charge exchange neutrals across the torus of about lO.Ojis only the average 
neutral Injection from the whole torus Is Important and the neutral density 
distribution should be largely axlsymmetrlc. The effects of the small (less 
than 20.0|is) time delays between the detected fluxes of differing energies 
originating at a fixed location In the plasma are not Important, especially as 
the fluxes are Integrated over, typically, 250.O^s time periods.
Two Important consequences follow from these observations; firstly,
rapid changes In the neutral flux do not alter significantly the neutral energy 
spectrum, and secondly that integration times of the order of 100.O^s or more 
should be used to remove the effects of time-of-flight time delays.
2.7 The Ion and Electron Poloidal Beta.
Here, the experimentally determined values of the poloidal beta are
presented. The 6 .of a single species, j. Is defined as;
'®j
2 T r r p j d r  -2.16f* i T r p j i
0 0 J - 2 H o j  g  . . , .
'o
and the total p Is defined as;
-2.17
where the sum is over all species. For the values shown in fig.2.47. and 
fig.2.48. the T.and T profiles are assumed to be equal, given by;
1 e
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r(r) = r ( 0 ) ( l  -  (r/af ) -2.18
The ion and electron density profiles are assumed to be given by;
n(r) =  n(0)(l  -  (r/a)^) -2.19
Although the assumed (r) profile Is not that as determined from the
Monte-Carlo simulation of the neutral energy spectrum, It Is simple to determine 
the correction to be applied to a given value of B for a single species. The 
values of Ion S calculated, assuming the above profiles, are 1.8 times those
fe
obtained if the parabolic squared ion temperature profile, eqn.2.9., found to 
give a best fit to the neutral energy spectrum, is used rather the flatter 
profile of eqn.2.18.
Fig.2.47. shows the total , as calculated making the above
assumptions, both with the limiters in position and removed. The plasmas are 
with the vertical field optimised and 0 = 1.35. ^ i s  seen to fall with plasma 
current from about 20.0% at 100.OkA to about 5.0% at 450.OkA. There is a 
considerable range of ^ ^values at a given current of about a factor of two. The 
magnitude and range of ^^values at a given current are largely unaltered upon 
removal of the limiters. The dependence of with plasma current is also
largely unaffected by the removal of the limiters.
The separate contributions to B from the ions and the electrons Is
shown in fig.2.48. in the case of plasmas with the limiters removed. It was
found that T.(0)/T (0) was approximately 1.0 at all currents with the limiters 
\ 6
in position, with 0 =1.35 and mostly with optimised vertical field. The ion
contribution to Is thus approximately 0.5 of that of the electrons over the 
range of plasma currents shown with the limiters In position If the correct
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Fig.2.47. The total poloidal beta, as defined in the text, for
a range of plasma currents, at 6 = 1.35, with the limiter 
tiles both in position and removed.
experimental ion temperature profile is assumed. Fig.2.48. shows that this is 
not the case with the limiters removed. In this case B is seen to decrease from
fee
about 12.0% at 100.OkA to about 2.5% at 500.OkA and 8 to remain approximately
I d-i
constant with plasma current at about 2.0+/-1.0% again assuming the experimental 
ion temperature profile.
It is worth noting that although the I, dependence of the separate
t
contributions to the total B are quite different, with and without the limiters
/ ed
in position, that the Independence of the total p remains largely unaltered upon 
removal of the limiters. This may indicate that the total B is the physically
I 9
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Fig.2.48. The separate contributions of the ions and electrons to the poloidal 
beta for a range of plasma currents with the limiters removed 
and at 8 = 1.35.
limited parameter rather than the separate ion or electron B values.
Itd
2.8 Doppler Effect Observations.
The presence of Doppler effects on spectral lines provides a 
convenient means of diagnosing the ion and neutral velocity distributions in a 
plasma for energies of up to a few times the ion temperature. Therefore, 
measurements of the line profiles of spectral lines complement those from the 
NPA, and also provide additional information on the impurity ion temperatures 
and drift velocities, which could be useful to help elucidate the ion heating
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mechanism.
A typical spectrum recorded from a single plasma discharge is shown in 
fig.2.11. from the vicinity of the CV(227lX) and 0111(2298?) lines, with 
spectra from two opposing tangential viewports interleaved. In principle such 
a spectrum could be analysed to yield the component of the velocity distribution 
of the CV and CIII ions, in the direction of viewing, within the observed 
volume. In practice this is complicated by instrumental drifts in the position 
of the line centre with time over the hours taken to make the measurements. 
This problem can be partially overcome by observing the same or an equivalent 
volume of plasma from the opposite direction simultaneously with two separate 
slits. The separation of the slits could be accurately determined and is found 
to be independent of the instrumental drifts. From the difference in the
separation of the centroids of the instrumental function, measured with the 
Hg(2563?) line from a lamp, and the centroids of the measured Doppler broadened 
spectrum, the mean drift velocity along the line of sight could be measured. 
Alternatively the line of sight associated with a spectrometer slit could be 
swapped with one looking in the opposite direction. The difference between 
successive line centroid positions is then twice that due to the Doppler shift, 
provided the spectrometer does not drift between the two measurements. A 
combination of both techniques is used in making the measurements presented
here.
2^ 8.1 Impurity Ion Temperature and Rotation Measurements.
In fig.2.49. an example is shown of the spectra, obtained from
successive plasmas between which the fibres relaying light from opposing 
tangential ports to the spectrometer slits had been exchanged. The plasmas were
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Fig.2.49. Doppler profiles of CV(227lX) obtained from obtained from
opposing ports. The components of a double gaussian fit to one of 
the line profiles are also shown with the associated ion 
temperatures and toroidal rotation velocities.
of a plasma current of 200.OkA, a 0 value of 1.35, fully centred and with the 
156 graphite limiters in position. It can be seen that the line centroids of 
the singlet CV(227lX) lines are shifted with respect to each other, indicating 
that the CV ions are rotating toroidally. The direction of the rotation is in 
the direction of the positive ion current. When interpreting the D o p p l e r  
broadening and shift of the line in terms of the CV ion temperature and drift 
velocity the effect of the distribution of CV ion temperature, drift velocity, 
and intensity along the line of sight should be taken into account in an 
extensive study. To this end a 10 chord high resolution echelle spectrometer
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was developed by the author, as described in appendix.3. This device was not 
implemented on HBTXIB, however, a description of the device and its intended 
application is presented along with suggested improvements necessary to produce 
a fully operational diagnostic. In an attempt to represent the effect of the 
distributions on the line profile, double Gaussian line profiles are fitted to 
the data. With such limited information further sophistications in the data 
analysis are of little worth. In fig.2.49. the line profile is fitted with a 
double Gaussian line profile convolved with the measured instrumental profile. 
(Double Gaussian fits were also found to provide a better fit than single 
Gaussians to the CV(227lX) line profiles measured in the OHTE device, the wider 
Gaussian giving the greatest drift velocity [Tamano, 1986].) The estimated line 
profile reproduces the measured line profile to within 0.1% over more than two 
FWHM widths of the spectrum with the double Gaussian fit.
There is the problem that the observed line profile might be due to a
combination of a non-Maxwellian and a thermal component or a distribution of
temperatures, drift velocities, and intensities. A tomographic system would
certainly be required to distinguish one interpretation from the other. A
consideration of the ion thermalisation times provides a means of determining
whether significant departures of the distribution from a Maxwellian are likely
on timescales determined by the ion heating and loss terms. The self
thermalisation time of the hotter ions is approximately the same as that of the
global energy confinement time and the particle confinement time derived from
the transport studies referred to earlier. The self-thermalisation time for
500.OeV CV ions at 2.0% concentration with respect to the electron density of 
19 -3
3.0x10 m is 250.0|is and the equipartition time between the CV ions and the 
deuterons is 60.Ojis. The short equipartition time between the CV ions and the
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deuterons means that to account for the observed CV ion temperatures a higher 
heating power per particle is required for the CV ions than the deuterons. Thus 
collisions of the CV ions with the deuterons makes the presence of a
non-Maxwellian CV ion energy distribution unlikely. As long as the ion dynamics 
are not more fully diagnosed it is important to report on alternative 
interpretations of the data, in particular the ion temperatures obtained from 
single and double Gaussian fits to the measured spectral profiles.
The double Gaussian fit to the red shifted spectrum shown in fig.2.49.
yields associated ion temperatures of 115.0+/-10.0 eV and 455.0+/-20.0 eV with
3 —i 3 - I
rotational velocities of 4.0+/-1.0xl0 ms and 14.0+/-1.0x10 ms in the direction
of the positive ion current and with a component intensity ratio of 1.0 to 1.7
respectively. A single Gaussian fit to the spectrum gives a temperature of
3 -)
277.0+/-20.OeV and a rotational velocity of 8.0+/-1.0xl0 ms . Similar
rotational velocities, and in the same direction, were observed in the
unreversed pinches, Sceptre-III [Hughes, 1959] and Alpha [Zaidel, 1961], but not
observed in the Zeta device and also observed more recently in the OHTE device
[Register, 1984] but not in the ZT-40M experiment where the measured toroidal
3 —4
rotation velocity of the CV ions was less than 6.0x10 ms [Weber, 1987] .
It is a general finding of our measurements that the Gaussian of the 
greater width is also that with the greater spectral shift. If the assumption 
is made that the hotter ions are at the plasma centre then the observed spectral 
shifts associated with the different plasma regions give much the same
rotational velocities, within the present uncertainties, when account is taken 
of the viewing angle with respect to the velocity vectors. Thus, it is a good 
approximation to the data that the plasma rotates at a fixed toroidal angular
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velocity in the toroidal direction. The directed motion of the CV ions along 
the field lines would give greater differences in the measured velocities than 
measured, due to the relatively high shear in the pitch of the field lines in 
the RFP. Furthermore, the possibility of a predominant ion drift in the 
magnetic field direction is not supported by the results obtained from viewing 
the plasma through the three vertical poloidal ports. The inner and outer 
poloidal ports, displaced 0.15 m either side of the centre vertical port, view 
field lines which are almost parallel to the line of sight. At the off centre 
ports poloidal rotational velocities of about a factor of 3.0 to 4.0 lower than 
those at the tangential ports are measured, whereas they should be comparable if 
the observed drift velocities were due, in the main, to the directed motion of 
the CV ions along the magnetic field lines. The measurements made at the centre 
vertical port show no discernible spectral shifts to within the experimental
3  — 1
uncertainty of +/-1.0xl0 ms . This is to be expected for a symmetrical fluid 
motion about the magnetic axis.
In comparing the temperatures measured at different ports it is 
necessary to average over many plasma discharges because of the plasma to plasma 
variation in the temperatures measured, mainly as a result of changes in the 
electron density. The temperatures obtained from the tangential ports are about 
1.17, 1.2, and 1.1 of those measured at the mid vertical port for the single 
Gaussian fits and the hot and cold components of the double Gaussian fits, 
respectively. A more detailed account of these changes would require a more 
sophisticated diagnostic system with facility for simultaneously viewing all the 
ports, and with greater temporal resolution. It is clear that the tangential 
line of sight gives a greater weighting to the central region than the central 
poloidal line of sight, the increase in the fitted temperatures measured at the
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tangential port compared to those measured at the poloidal port is thus 
consistent with the assumption of a CV ion temperature which is peaked on axis. 
A comparison of the temperatures measured at the central and the inner and outer 
poloidal ports indicates that, within the experimental uncertainties, the chord 
averaged temperature profile is flat. Abel inversion of a multi-chord system 
would be required to determine the distribution to any greater accuracy than is 
available at present.
Most of the measurements of the temperatures and rotational velocities 
have been obtained from plasmas with sustained plasma currents of 200.OkA, the 
plasma to plasma variation in the CV rotational velocities and ion temperatures 
showed some correlation. In order to investigate this further, a series of 
plasmas is examined where the toroidal loop voltage is increased and decreased 
by a factor of two from the value needed to sustain a steady plasma current. A 
complicating factor arises in that during the duration of the plasma the plasma 
current changes by a factor of 0.5 of its value at the peak of current rise. As 
the spectrometer integrates over the entire plasma duration the results of this 
investigation should be taken as Indicative of a trend rather than quantitative. 
The results obtained from the tangential ports are summarised in fig.2.37. In 
this figure the ordinate values are the temperatures of the CV ions and the 
deuterons obtained from a single Gaussian, and from the hotter and cooler 
components of a double Gaussian fit to the CV line profile, and from the NPA for 
the CV ions and the deuterons respectively. The abscissa values represent the 
average power received per ion directly from the toroidal loop voltage as it 
rotates toroidally with a velocity obtained from the corresponding Gaussian. 
The CV ions are assumed, for the case of argument, to rotate at the velocity of 
the hotter CV ions, a consideration of the collisional momentum balance in
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section.2.9.3. indicates that the deuteron velocity may be about 1.2 of the CV 
velocity in the same direction with respect to the positive current.
There are several points to note;
The CV ion temperatures obtained from the broad Gaussians are about a
factor of 2.0 or more than the deuteron temperatures obtained from the NPA or
from the single Gaussian fit to the CV line profile. In view of the short
equipartition time between the CV ions and the deuterons (e.g. for T(cv) =
II -3
400.OeV, T(D) = 200.OeV, n = 3.0x10 m , and ^  -  50.0us) which is shorter than
e j
the global energy confinement time or the particle confinement time, it is 
interesting to consider how the CV ions could have a higher temperature than the 
deuterons. This suggests that the CV heating time is shorter than the deuterium 
ion confinement time, e.g. the heating power per particle is proportional to 
the atomic mass (cf section.2.9.1.).
The temperatures obtained from the broad Gaussian fit show some 
correlation with the power received directly from the circuit and there is an 
appreciable ion temperature in the absence of rotation, implying that the ion 
heating mechanism operates in the absence of rotation. If it is assumed that 
the power received by the ions directly from the circuit supplements a residual 
and constant heating rate then the confinement time derived is of the same order 
as the global energy confinement time. The power received per particle by the 
deuterons would be four times less that that received by the CV ions, due to the 
lower ion charge of the deuterons. As can be seen in fig.2.50., there is no
significant increase in the deuterium ion temperature observed. As the Impurity 
density is low, typically a few percent for low Z impurities, the indirect
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Fig.2.50. Ion temperatures versus the energy input per particle received 
directly from the toroidal loop voltage due to rotation. The 
deuterons are assigned the same rotation velocity as the core CV 
ions.
heating through the impurities is negligible, as is shown in section.2.9.1..
It remains to consider the relatively less important results from the
lower ionisation states. These are largely unrepresentative of the sustained
phase of the plasma as the line intensities peak at the setting up and
termination phases of the plasmas, as is shown in fig.2.12.. The ion
temperatures obtained from the CIII(2296. 9X, 2s2p( *P )-2p ( ^  D ^ )) line are
3 -1
between 50.OeV and 80.OeV ,and with rotational velocities of about 3.0x10 ms in
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the positive ion current direction, when viewing from the tangential ports, and 
with a single Gaussian fit to the data. The D-p(4686&) line intensity is
similarly weighted to the setting up and termination phases of the plasmas. A
double Gaussian fit to the line profile shows a cooler component with a ,
temperature of 10.0+/-5.0eV which is always shifted at a velocity of 7.0+/-3.0eV^ 
into the plasma corresponding to the influx velocity used in the AURORA 
Monte-Carlo code. The broader component typically has a temperature of
40.0+/-10.OeV and exhibits a toroidal rotation velocity similar to that of the 
CIII ions in the direction of the positive current.
2.8.2 The Radial Electric Field and Plasma Potential.
The rotation results are in contrast to those found in Tokamaks where 
in Ohmic heated plasmas the core impurity ion states are mostly observed to 
rotate in the^direction jfa the positive ion current e.g. [Hawkes, 1987] as 
sometimes do the peripheral ions such as CV (e.g. [Brau, 1983]). The opposite 
rotational directions found between Tokamaks and RFP's indicates that the plasma 
potential is higher, i.e. more positive, in RFP's. A negative potential is 
often found for Tokamaks e.g. [Murakami, 1984]. However this is not always the 
case. For example in TM-4 [Bugarya, 1983] the plasma potential profile is found 
to depend upon the electron density so that there are regions outside the 
central core with a positive potential, and the local impurity ions rotating in 
the positive current direction with the central impurity ions rotating with the 
electrons. It is interesting to note that in Zeta the plasma potential was 
positive prior to the quiescent period, at about 200.0V at 0.13m from the liner, 
hut during the quiescent period it reduced to about -15.0V [Robinson, 
1968],[Robinson, 1987].
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A consideration of the balance of the radial forces on the ions gives;
^ -2 20
Where P.is the ion pressure and J . the current carried by the ions, for
1 -t
simplicity radial ion currents and impurities are ignored. The forces due to
the field curvature and the centrifugal forces are neglected as these have been
shown to be negligible in comparison to the Grad P. and J.xB forces considered in
\ -
eq.2.20.
The ion pressure profile is obtained by assuming that the ion
temperature and density distributions given by;
n,(r) =  (2 .9 (1- ( r / a ) ’ ) + 0.1) x lO '°  [m'^j -2.21
Ti{r)  =  245.0(1 -  ( r / a f f  +  5.0 [eV] 22
as are typically found from the three chord interferometer and the NPA
respectively in conditions of I.= 200.OkA, 0 = 1.35, fully centred and with the
T
limiters in position. The plasma is assumed to be rotating as a ’rigid'
cylindrical body with rotation velocities given by;
v^(r) =  Constant -2.23
V«{^) =  i;4o )(r/o ) (ms”'] . 2.24
The magnetic field and current profiles are found from the Modified Bessel
Function Model where;
l ( r )  =  f i { T ) B { r )  -2.25
and ^(r) is found by matching the F and 0 values measured at the plasma 
boundary, with the field profiles calculated assuming a profile for |i(r) of;
/x(r) = //(0)(1 - (r/a)^) [ m ~ ^ ]  "2.26
in the case referred to here a best fit is found with a B value of 10.0.
Results of the calculation of the radial electric field and the plasma potential
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are shown In fig.2.51. for a range of v and v with v (a)/v held constant
? c « + Ù -1
between the cases. It can be seen that when the v,decreases from 2.0x10 ms to
Er(Vm-l)
-  T i=2^5(1-O br)% 5leV )
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Fig.2.51. The electrostatic field and potential derived from the radial ion 
force balance.
4" -1
l.OxIO ms the plasma potential changes sign. Unfortunately this encompasses the
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range of measured velocities if the deuteron velocity is assumed to be equal to 
that of the CV ions. The most that can be extracted from the present results is
that the plasma potential is about 150.0+/-I70.OV. Therefore, more careful
measurements are required to determine even the polarity of the plasma
potential. This would require spatial and temporal measurements of v , v , n , ^ e t
and T..
2.9 Particle and Fluid Coupline and Relaxation.
When considering the detailed particle dynamics, it is especially 
important to consider the inter-particle and like-particle relaxation times when 
the energy and particle input and loss times are relatively short. The finite
duration of the plasma is of little concern, as, for the plasma conditions
considered here, it is at least an order of magnitude longer than all of these 
times. The various inter-particle equipartition times are thus calculated to 
determine the collisional coupling of the various particle species. It is also 
of importance to assess the degree of thermalisation of the ion species, 
especially at energies much greater than the ion temperature.
Regarding rotation, the experimental measurements available are the
plasma current, the toroidal electric field and the rotational velocity of the 
CV ions. In order to attempt to determine the rotation velocities of the other 
particle species, the momentum source and sink terms and the collisional 
momentum transfer between the various particle species are considered. From the 
momentum balance of the particle species an estimate of the rotation velocity of 
the deuterons can be made and the heating rates into the various particle 
species due to the direct Ohmic heating from the circuit can be determined.
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9 q.l Temperature Equipartition.
It is important to establish ^ the observed ion temperatures can be 
explained in terms of collisional heating by equipartition with the electrons. 
In a steady state, the simplest case, neglecting the impurities gives;
/ T;\-i -2.27
T. =  r J l 4 - ^  [eV]
\ T E i /
Tei =  Electron-ion equipartition time [s]
TEi =  Ion energy confinement time [s] ^
Using typical parameters from HBTXIB [Alper, 1986] of T = 200.OeV, n (0)=3.0xl0
-3 ^ ®
m , and t .= 4.0ms. If it is assumed that the ion energy confinement time is
0.1
equal to that of the global energy confinement time, which is reasonable, as the 
impurity confinement time found from the spectroscopic studies and the time 
taken for the ion temperature to reach an equilibrium value are of the same 
order as the global energy confinement time, and the longest observed ion energy 
confinement time is taken, then the ion temperature calculated is less than 
1/lOth of the electron temperature. In fig.2.52. the measured ion temperature 
and the ion temperature calculated from eq.2.27. is plotted as a function of 
the electron temperature. It can be seen that the measured ion temperature is 
always much less than that calculated from equipartition with the electrons.
The deuterons can also be heated through collisions with the 
impurities which are more strongly coupled to the electron temperature as the 
impurity-electron equipartition time scales as;
A i
T i r OC ^
-2.28
Aj =  Impurity mass [amu] 
Zi =  Impurity charge state [e]
The collisional energy transfer between the particle species is best represented
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as a set of simultaneous equations of the form;
\ rEj  3enj -2.29
where the temperatures are in eV*s, f is the energy confinement time of the jth 
species, N is the total number of species (including the electrons), Hjis the 
heating power density into the jth species other than that due to inter particle 
collisional heat transfer (e.g. Ohmic heating of the electrons or 
non-collisional power input into the ions and impurities), and e is the electron 
charge. The equipartition time is given by;
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Cl =  7.33 X  IQiz for MRS units. 
Aj =  Test particle mass [amu] 
Ak =  Field particle mass [amu]
The equipartition time depends upon the temperatures of the species and so the
simultaneous equations are implicit, making an analytic solution of these
equations difficult, therefore a simple iterative computer program is used to
solve these equations.
The results of some cases of interest are summarised in table.2.1.
The integer variables j and k refer to the test and field particle species,
respectively, and the numbers 1,2,3, and 4 represent the electrons, deuterons,
CV and FeXII impurity ions. The power transferred from the jth to the kth
particle species is given by Pjj^. The low Z impurities in HBTXIB constitute a
few percent of the electron density and are here represented by 4.0% of CV. The
metallics are represented by 0.1% of FeXII. Both of these impurity ionisation
states reside in the centre of the HBTXIB plasma. The plasma parameters used in
19 -3
the calculations are T^= 250.OeV, n^ (0) = 3.0x10 m and a common energy
confinement time of 300.0jis for all the particle species. In case A there are 
no impurities and the deuterons are heated by collision with the electrons only. 
In case B the addition of impurities marginally increases the deuteron 
temperature to 13.OeV. Even assuming the extreme and quite unrealistic case of 
9.0% FeXII, where the deuteron concentration with respect to the electrons is 
1.0%, the equilibrium ion temperatures obtained are still much less than those 
observed (T(D) = T(FeXII) = 40.OeV). Although the equipartition time for the 
impurities is shorter than that for the deuterons (e.g. about 5.0 times shorter 
for the FeXII ions) the power transmitted to the impurities is relatively small,
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A 6 C 0
T j
(eV) ( e V)
T f
( eV) ( eV) ( eV) (eV) ( eV) ( eV)
12 - - 13 13 13 250 250 250 250 461 748
j k
la s , (MW%3) la s , (m il (Mwfm3) ;a s . (M ^m 3)
2 1 5 .9 0 .2 9 5 .9 0 .2 4 5 .9 - 5 .9 -
2 3 - - 0.013 0 .019 1.1 - 1.3 0.94
2 4 - - 0 .2 9 9x10-** 25 - 27 0 .1 1
3 1 - - 2 .2 0.31 2.2 - 2 .2 -0 .0 2 7
3 4 - - 0.011 <10-5 0 .8 9 - 2 .6 0 .3 2
4 1 - - 1.4 1x10-3 1.4 - 1.4 -2 .5 x 1 0 -3
Table.2.1. Calculated Ion temperatures from collisional equipartition for T =
c
19 -3
250eV and n = 3.0x10 m . The associated parameters t the 
e jk
equipartition time and P are also calculated where P represents 
jk jk
the power density transferred from the jth to the kth particle
species. The j, test particles, and k, field particles, numbered
1 , 2 , 3  and 4 represent the electrons, deuterons , CV and FeXII Ions
respectively. Case A has no Impurities whereas cases B to D have
n /n = 4 %  and n /n = 0 . 1 %  . Only collisional heating Is 
CV e FeXII e
used in cases A and B but in cases C and D there Is additional
heating. Case C has the same additional power per particle for all
species, whereas case D has an additional power per particle
proportional to the Ion mass.
compared with that to the deuterons, since it is proportional to the impurity 
density. Thus, in making a comparison between the ion temperatures obtained 
from equipartition with the electrons and those measured, the effects of
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impurities can be ignored. Since the energy confinement time of the ions is 
much smaller than the equipartition time, the equilibrium temperature reached is 
proportional to the ratio of the two times and so errors in the determination of 
the ion energy confinement time do not alter the general conclusion that the 
ions are not heated significantly by electron-ion collisions.
In cases C and D in table.2.1. it is attempted to determine the 
additional heating power required to heat the ion species to the measured 
temperatures. In case C the additional power per particle is the same for all 
the ion species and adjusted to reproduce the measured deuterium ion 
temperature. In this case the ion temperatures are found to be almost equal. 
In case D the additional power is scaled to be proportional to the particle 
mass, again the powers are adjusted to reproduce the measured deuterium 
temperature, the CV ion temperature is found to be about twice the deuteron 
temperature, and is thus consistent with that measured. The higher ion 
temperature calculated for the FeXII ions is broadly consistent with that 
measured on Zeta [Jones,1962].
It is of some interest to consider more impurity species using this 
simple power balance model, and thus determine whether a similar mass scaling as 
observed in Zeta is reproduced. In selecting the impurity ionisation states, it 
is important that they should be present in the centre of the plasma. The band 
of such ionisation states expected for HBTXIB is shown in fig.2.53. The 
calculated temperatures for mid-range ionisation states are shown in fig.2.54. 
There is an approximately linear increase in the impurity ion temperature above 
the deuterium ion temperature with the ion mass. Such a linear dependence was 
found experimentally on Zeta but a direct comparison between these calculations
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Fig.2.53. Calculated range of core ion states expected in the HBTXIB 
plasma.
and the Zeta results may not be strictly relevant as, for example, the ion 
temperatures of the different particle species were reaching te m p e ra tu re  
equilibrium at different times in the plasma discharge, multiple Gaussian fits 
to the spectral line profiles was not attempted, and the concentrations of high 
Z impurities added to the plasma (e.g. 3.0% Kr) may have altered the e le c tro n
temperature. Nonetheless, the Zeta investigations encompassed a wider range of
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Fig.2.54. Calculated impurity ion temperatures in HBTXIB where the heating 
power per particle is assumed to scale as the particle mass.
impurities than has been attempted in modern RFP's, and since the field 
fluctuation levels and frequencies, and the particle confinement times are about 
the same as those found in present devices, similar heating rates are probably
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present and certainly the temperatures observed for CV ions in HBTXIB are 
consistent with a heating rate that increases in proportion to the particle 
mass.
2.9.2 Thermalisation.
Typical self-thermalisation times for the deuterons (T(D) = 250.OeV,
n(D)/n =0.8) and CV ions (T(CV) = 500.OeV, n(CV)/n = 0.02) are comparable at 
210.O^s and 270.0jis respectively for n^(0) = 3.0x10 m with n(GV)/n^ = 0.02 and
n(FeXII)/n = 0.001. These times are of the same order as the global energy
e
confinement time so that, irrespective of the mechanism for energising the ions, 
they should have predominantly Maxwellian distributions. Thus, the curved 
nature of the neutral energy spectra or the line shape of the CV ions probably
arise from the distribution of ion temperatures, densities, etc within the
plasma.
Although thermalisation and energy confinement times are comparable at 
typical operating conditions, and thus a sufficient condition for producing 
Maxwellian distributions is largely satisfied, this may not be a necessary 
condition. For example we note that many discharge conditions in HBTXIB have a 
global energy confinement time which is less than the collisional self
thermalisation time, 't . But when the measurements are grouped according to the 
ratio of these times, no significant parameter dependence is found. For
instance, a plot of T.(0) versus T (0) is shown in fig.2.55. where it can be
i  e
seen that similar trends are found irrespective of the ratio of these times. 
However, such an analysis is not sufficiently comprehensive to demonstrate that 
collisional thermalisation is not required as a necessary condition for the 
interpretation of the neutral energy spectrum in terms of ion temperature.
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Indeed, it is unlikely that an analysis procedure exists that can demonstrate 
positively that, when t is greater than t , the spectrum is predominantly due to
5D Et
Maxwellian ions. A more definitive measurement requires localisation, e.g.
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fluorescent scattering, to distinguish between the effects of profiles and 
non-Maxwellian ion distributions. The clear departure of the neutral energy 
spectrum from a linear form at the higher energies is probably due to the
presence of non-Maxwellian ions as the associated temperature is very high,
increasingly so with increasing energy, however, the region of the spectrum used 
for temperature measurements is not dominated by these ions at the times at 
which the definitive temperature measurements are made, during the sustained 
phase of the plasma.
To summarise, in the energy region used for making temperature 
measurements, the ions producing the charge exchange neutrals are mostly 
Maxwellian, the curved form to the neutral energy spectrum is the result of
profiles of ion temperature, density, etc and the mechanism responsible for
heating the ions is probably acting on the lower energy ions, where collisional
thermalisation proceeds rapidly, or on the ions as a whole, with a power profile
that is appropriately distributed to produce energy spectra that are close to 
Maxwellian.
2.9.3 Rotation and Momentum Balance.
The main experimental data available in HBTXIB, for rotation studies, 
are the plasma current, the electric field and the rotational velocities of the 
CV ions. These are inadequate for a detailed treatment and, therefore, what 
follows should be regarded as a modest beginning. The main objective is to 
determine the drift velocity of the deuterons, and the consequent heating power 
into the deuterons received directly from the electric field, and to investigate 
the observation that the CV is seen to be rotating in the direction of the
positive ion current. Only the rotation at the plasma axis is considered.
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Momentum equipartition is much more difficult to treat than energy 
equipartition, mainly because vector quantities and viscous forces are involved. 
The shear in the pitch of the field lines adds to the complexity, as does the 
poloidal momentum damping arising from the plasma being confined to a toroidal 
geometry [Connor, J.W., 1986]. There is the additional problem of the
difficulty of diagnosing the drift velocities of the particle species and the 
momentum sources and sinks throughout the plasma. In the RPF the ratio of the 
drift to the thermal velocity is small, so making measurement difficult. This 
problem is somewhat eased in Tokamaks where the injection of energetic heating 
neutral beams induces drift velocities of the order of the thermal velocity.
The equation for the collisional transfer of momentum between N 
interacting particle species is;
d t  T p j k  ITij T p j -2.31
where v. and t ,are the drift velocity and the net momentum confinement time of 
the jth particle species, is the momentum equipartition time between the jth 
and kth particle species, and E is the electric field. Momentum confinement 
times have been included in the equations, although an experimental 
investigation has not been undertaken in any RFP device of momentum confinement
(in contrast to Tokamaks, e.g. [Hawkes, 1985],[Isler, 1983]), in order to
obtain an appreciation of the values of momentum confinement time involved. It 
is beyond the scope of the present investigation to consider additional sources 
of momentum other than the electric field, a review of the possible sources of 
rotation in magnetically confined plasmas is given by Haines, [Haines, 1965]. 
The momentum confinement time as used in eq.2.31. can be considered as
including additional momentum sources, if necessary, as f can be expressed as;
pi
A.R.Field. Ion Behaviour in the HBTX1A\B Reversed Field Pinch. Page.186.
1 ,
(s ] -2.32
Tpj.a
where V  .is the momentum loss time, and f is the momentum replacement time from 
pj/ pj/
sources other than the electric field.
Equations.2.31. are a set of simultaneous equations, similar in form 
to those of the energy exchange between the particle species. The summation can 
be rearranged to obtain explicit coefficients for the variables, v^  , and at 
equilibrium (dVj/dt = 0 ) this gives;
where the momentum equipartition time between the jth and kth species, f  ,, is
Fjk-
given by;
lii
A j  -h A }
T p jk —  *^2 I ^ / y, I [-s] -2.34
where A^ is the mass of the jth particle species, T,^s the energy equipartition 
time between the jth and kth particle species, and C is a proportionality 
constant discussed below.
The power density, , received by the jth fluid from the electric 
field is given by;
P j  =  Z j € T i j V j E  [ W m - ^ ]  -2.35
The treatment of inter-particle friction is complex especially when applied to a 
multi- species plasma [Shafravsky,1966]. In this case it is necessary to 
determine all the inter-particle frictional forces, the resulting total current 
being consistent with the Spitzer resistivity. For a single ion species the
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proportionality constant is given by;
= -2.36
where (Z) is the Lorentz gas correction factor for a plasma of ion charge Z 
[Spitzer, 1956]. An appreciation of the degree of accuracy required in treating 
many ion species interacting with the electrons simultaneously is obtained by 
considering two extreme cases ; firstly, by calculating the drift velocities 
obtained when the same ^ ( Z  ^  is used for all the interactions of the ions with 
the electrons, and then comparing these with the drift velocities obtained where 
the ^ ( Z ) depends upon the charge state, Z, of the ions involved in each of the 
interactions. The former is the conventional way of calculating the plasma 
resistivity, but in any case, the latter yields drift velocities which differ 
only marginally from those obtained using a constant X(Z ) (e.g. a 10.0%
6 erf
reduction in the plasma current and, at most, a 30.0% reduction in the ion drift 
speeds for typical HBTXIB conditions). Considering the accuracy of the 
measurements, it is immaterial which approach is taken and, in fact, we use ^(2^) 
for all the ion-electron interactions which has the virtue of giving the 
Spitzer resistivity.
As regards to the interactions between the different ion species, the
simplest approach is taken by considering them as acting as test and field
particles (i.e. C = 2.0) so as to obtain an order of magnitude estimate of the 
2
difference velocities.
It can easily be shown that the direction of motion of the impurities 
depends upon the relative magnitude of the frictional force between the 
impurities and the electrons only, and the accelerating force from the electric
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field acting upon the impurities. A straightforward manipulation of the 
momentum equations shows that when the charge state, , of a particular
impurity satisfies the inequality;
the impurity will rotate in the direction of the electron flow. This result 
assumes perfect momentum confinement and plasma neutrality. ( It is more 
difficult to make a statement for the condition for impurities rotating in the 
direction of the positive current, as it depends upon the impurity mix in a 
complex way.)
The momentum equations are strictly zero dimensional and would 
certainly be inappropriate when dealing with the poloidal momentum in a torus, 
but can be used for considering the toroidal momentum at the axis of a toroidal 
configuration where, for example, momentum transport could be incorporated into 
the momentum confinement term in eqn.2.29. In solving the equations, known
values of the deuteron and CV temperatures are used ,whilst those of the OVI and 
FeXII are obtained from extrapolation of the plasma deuterium and CV 
temperatures to obtain the momentum equipartition times. Estimates can then be 
obtained of the heating rates of the ions from the direct energy input from the 
electric field to the ions, and so determine if these can account for the
observed temperatures.
The results of the calculations are summarised in table.2.2. The
following plasma parameters are used ; T (D) = T = 250.OeV, T (CV) = 500.GeV, T
® II -3
(OVI) = 500.OeV, T (FeXII) = 700.OeV, and n (0) =3.0x10 m . In all the cases
e
except case D, the impurity concentrations are n(CV)/n = 2.0%, n(OVI)/n = 2.0%,
e e
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Case ^loop
^ e f f
^^anom ^ e ff 'pe "e "1 '"CV "OVI "FeX I I
a %
(V o l ts ) (pS) (lOtni/s) (103m/s) (103m/s) (103m/s) (103 m/s) (kW/m3 ) (rtV/m3)
A 1.0 -37 1.8 m -4 .2 9.0 - 1 8 .0 -2 0 .0 -23 1.0 210 120
B 2.2 0 1.8 * - 1 .9 4.1 - 8 .3 - 9 .2 -10 1.0 43 25
C 4.1 14 1.8 - -1 .0 2.2 -4 .4 -4 .9 -5 .5 1.0 12 7.1
D 4.1 14 3.3 -0 .6 3 2.7 -0 .8 3 -1 .1 -1 .6 1.0 8.1 4.4
E 6.7 20 1.8 a. -0 .6 3 1.3 -2 .7 - 3 .0 -3 .4 1.0 4.6 2.7
F 4.1 14 1.8 7.0 -0 .6 3 24 19 18 18 1.6 130 4.4
Table.2.2. Calculated drift velocities fro* the momentum balance. The
-1
following parameters are used:- E = 6 V * , T = T *  250 eV, T
loop i e CV
19 -3
= T = SOOeV, T = 700 eV and n = 3.0x10 ■ . The current I =
OVI FeXII e i
-2 ' 
200kA, with J (0) = 3.0 MAm with an associated drift velocity of
 ^ 6 - 1
the electrons of 0.63x10 ms . The V is from the Jarboe-Alper
anoffl
effect (Jarboe and Alper, 1987) and E /E is the consequent
loop eff
reduction in the toroidal electric field, from that due to the
loop voltage, on axis after taking into account of the helicity
balance, or dynamo electric fields to sustain the RFP configuration.
The electron momentum confinement time is represented by t and
pe
a consequent resistivity enhancement factor, or. The power densities
P and P into the electrons and ions, from the E field are 
e i eff
also shown In all cases accept case D the impurity concentrations
are n /n = n /n = 21, n /n = O . H  which gives n /n = 80.0%
CV e OVI e FeXII e i e
and Z = 1 . 8 .  The impurity concentrations are increased threefold 
eff
to give Z = 3.3 in case D. Case A takes no account of the helicity 
eff
balance and uses the full electric field from the loop voltage (ie 
it excludes the dynamo electric field on axis). Case B has no V
anom
and in cases C to F the consequences of varying V , Z , and t
anom eff pe
are shown. Cases D to F give the correct current density but only
case F give*the correct drift velocity to the CV ions.
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n(FeXII)/n = 0.1% and n /n = 81.0% which gives Z = 1.8. In case D the impurity
e 3  e  &P+
concentrations are increased by a factor of three to give Z = 3.3. The electric
-1 ^
field is set to the typical value of 6.0Vm for I,= 200.OkA. In case A, perfect
?
confinement is assumed for all the fluids. (In this form the treatment is
identical to that of Ware and Wesson [Ware,1960] except that several impurity
species are treated.) The main points to note are that the CV ions are rotating
in the direction of the electrons, and so contrary to the direction observed,
6 —1
and that the electron fluid drift velocity of 4.2x10 ms is much higher than that
6  .
obtained for the current density on axis for these conditions of v = 0.63x10 ms
-3
corresponding to J (0) = 3.0 MAm .
In case A the full electric field, E , from the measured toroidal loop 
voltage is used. But a consideration of helicity balance of the plasma [Tsui, 
1987] shows that this overestimates the effective electric field for heating and 
driving the electron and ion current on axis. We have;
=  A o o p -  < V A B  > -2.38
The ratio E /E is calculated using the helicity balance, taking into account the
£ o o p
loss of helicity at the plasma boundary. The voltage required to sustain the 
plasma current in the presence of helicity loss at the plasma boundary is
assumed here to be 14.0V for I 200.OkA and the 156 limiters in position. It
9
is also necessary to include the resistivity and |i(r) profiles in these
calculations where it is assumed that;
P(r) =  /i(0)(l - (r/a)'®) [m"'] -2.39
r ,{ r)  =  „(0) ( l - ( r / a r r / :  [ Q m  ) .2.40
In case B there is no helicity leakage, but the current is about a factor of 3.0 
higher than that measured. In case C, with the 14.0V anomalous voltage due to
the helicity loss at the plasma boundary included and Z = 1.8, reduces this
eff
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factor to 2.0. Increasing the Z to 3.3 or the anomalous voltage to 20.0V gives
the correct current density but these values are at the extremes of the errors
on the measured values. Taking the best estimate of the Z = 1.8 and the
e#
anomalous voltage of 14.0V, agreement can be obtained between the calculated and 
measured current density by assuming a finite electron momentum confinement time 
of 7.0|is. (Only a modest resistivity enhancement factor o4= 1.6 results from
setting f = 7.0)18.) This gives an interesting result that the calculated drift
pe r
velocity of the CV ions then agrees with that observed. Adjustments of the r|(r) 
and |i(r) profiles within the experimental uncertainties would also allow for the 
measured current density to be reproduced in the calculations but the 
experimental CV drift velocity can only be reproduced by introducing a finite 
momentum confinement time for the electrons in the model.
A candidate for the non-Spitzer resistivity, though perhaps not for a 
finite momentum confinement time for the electrons, might be electron trapping 
[Butt, 1974],[Robinson, 1974] , where, to explain the o L  value of 1.6
approximately 1/3 of the electrons would have to be trapped. Although there is 
no electron trapping on axis, the requirements of helicity balance in the 
presence of enhanced resistivity elsewhere might produce much the same effect 
because of the Increased "dynamo" electric field required on axis. A 
theoretical treatment of electron trapping is required to check these 
possibilities.
Finally from case F that the heating power into the ions fro m rotation 
in the electric field is negligible when compared with the Ohmic heating power.
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2.10 Rotation and M.H.D. Activity.
2.10.1 Mode Stabilisation due to Fluid Rotation.
Gimblett has calculated the effect of uniform toroidal rotation of the
plasma on the stability of the plasma to ideal resonant and non resonant modes,
and on resistive tearing modes induced by a resistive wall [Gimblett, 1986].
This is of necessary in order to determine the stability of the plasma when the
thick shell (t = 75.0ms ) of HBTXIB is replaced by a thin shell (tf = 2.0ms ) in 
w W
HBTXIC. Operation with the thin shell is of interest as the thick shell makes 
control of the equilibrium with a vertical field during ramping and rundown of 
the plasma current Impossible and would be difficult to Incorporate into a 
reactor design.
In what follows a resistive wall mode is defined as a mode which is 
stable with a perfectly conducting shell and unstable with no shell.
Resistive wall ideal resonant and non resonant modes phase lock to the
5 -I
wall at rotation velocities below the Alfven velocity, typically 3.0 x 10 ms, 
and the growth rates are largely unaltered from those found in the absence of 
rotation. For rotation velocities at or above the Alfven velocity these modes 
stabilise to become marginally stable Alfven oscillations. The toroidal 
rotation velocities observed are typically 0.1 of the Alfven velocity, 
therefore, this magnitude of toroidal rotation would not stabilise these 
resistive wall modes.
Resistive wall tearing modes, tearing modes stable in the presence of 
an ideal wall and unstable with the wall removed, are stabilised at rotation
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velocities above a threshold velocity v given by;
S
1 1.5
+  - 2.41
'I ' w
Ti =  =  Resistive layer time constant [s] -2.42
where k is the toroidal wave number of the mode, S is the Lundquist number, fis
the wall time constant and f is the resistive decay time. For the thin shell
^ 2 — 1 
proposed for HBTXIC f is 2.0ms giving values of v of typically 1.0x10 ms to
3 -1 " s
1.0x10 ms. The values of rotation velocity observed are typically above this 
range of values.
The toroidal rotation velocity observed in HBTXIB with the 156 limiter 
tiles in position is high enough to stabilise resistive wall tearing modes but 
not resistive wall ideal non resonant or resonant modes which are predicted by 
theory. It must be stressed that the rotation velocities observed with the 
thick shell and the 156 limiter tiles in position may be quite different to the 
rotation velocities which may occur either in the presence of the thin shell or 
with the 156 limiter tiles removed.
2.10.2 A Comparison of the CV Rotation Velocity with the Mode Rotation Velocity
as Measured with the Edge Coils.
Studies of the magnetic fluctuations in HBTXIB have been made using
coils located at the plasma boundary [Tsui, 1987]. The field is measured using
2 poloidal arrays of 16 equally spaced coils and the fluctuating component of
the field is Fourier analysed into components with a given poloidal and toroidal
mode number, ra and n, as a function of frequency, w. Using data from a pair of
0
poloidal arrays separated by 40 toroidally the toroidal dispersion function, k
t
versus w, for a given m can be plotted, as k is linearly related to the phase
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shift of the cross correlation between the cosine components of a given m 
component from the two poloidal arrays. The toroidal group velocity of the wave 
is then found from;
A  — /i
=  2 ( ^ 2 -  ^ i)
X / 2) -  p{fi) -2.43
and the poloidal velocity is found from the phase at zero frequency;
p(0)a
Vg =  —
R r r . m $2 - <Î>1 -2.44
where p(f) is the phase at a frequency f and J, ® are the toroidal angles of
i A
arrays 1 and 2.
4 •
The values of rotation velocity found in this way were v.= 5.6 xlO ms
4 -1 ?
and V = 3.0 X  10 ms in the direction of the positive current with the 156
9
limiter tiles in position and at a normal 0 value of 1.4 and F = -0.1, mode
activity is dominated by m < 2 and n = 6, 10, 13 and 16. The same velocity is
found for the m = 0,1,2 modes, therefore, it is possible that this velocity is 
that of the plasma bulk. The toroidal velocity is about 4.0 times that measured 
from the Doppler shift of CV(227lX) and the poloidal velocity is about 5.0 times
that measured by Doppler broadening.
At 0 values of greater than 1.6, F < -0.35 the modes are dominated by 
m < 1, n = 4, 6, and 7 with the n = 4 dominating. This corresponds to the 
helical state predicted to occur at deep reversal by relaxation theory. In this
4 -1 4- -1
case rotation velocities measured are v,= 5.0 x 10 ms and v = 4.7 x 10 ms ,again
<P 9
in the direction of the positive current.
With the 156 limiter tiles removed the fluctuations are, in 5.0% of
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the plasmas, dominated by a coherent m = 1, n = 5 mode at l.OkHz. The phase of 
this mode is constant temporally implying that the mode is not rotating. This 
mode has been possibly attributed to the ideal resistive wall mode discussed 
above [Gimblett ,1987], this point will be discussed further below.
It is therefore not possible from the magnetic measurements to assess
what the rotation of the plasma is with the tiles removed, and, consequently, a
definitive statement cannot be made as to whether the resistive wall modes will 
be stabilised by plasma rotation in this situation.
2.10.3 Mode Locking.
The coherent magnetic activity observed in HBTXIB in 5.0% of the
plasmas with the limiters removed [Tsui, Cunnane, 1987] has been attributed to
an ideal kink resistive wall mode [Gimblett, Hender, 1987]. The marginal point,
r , of the ideal kink mode is defined as the radial location of the wall at
c
which the presence of the wall will just stabilise the mode. It has been shown 
that the on-axis ideal kink mode has a marginal point just outside the wall, for 
typical RFP equilibria [Brotherton-Ratcliffe, Gimblett, Huchinson, 1987]. This 
mode would thus grow on the timescale of the wall, approximately 80ms. A 
moderate change in the equilibrium, perhaps induced by the tile removal, could 
bring the marginal point inside the wall but outside the liner. The mode would
then grow on the liner timescale, approximately 200|is, and would then phase lock
to the wall and the fastest growing mode would be the m = 1, Ini = 5, as
observed experimentally.
Wesson and Nave show that rotation of the plasma in JET could be
halted by the locking of mode activity to the resistive wall [Wesson, Nave,
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1987]. They consider rotating tearing modes which would induce a helical 
magnetic field perturbation outside the plasma. The resultant oscillatory 
fields produce an EMF which would drive currents in the wall. The interaction 
of the induced currents and the field would produce a JxB force. Similar JxB 
forces in the plasma would transfer momentum from the plasma to the wall, thus 
reducing the rotation frequency. As the rotation frequency is reduced the field 
penetration into the shell would increase, resulting in an increase in this 
force. This would result in the plasma being brought to rest. This phenomena 
is known as mode locking.
This effect should occur for the ideal kink resistive wall mode 
mentioned above. In this case the field perturbation is due to a helical kink 
in the plasma and not a magnetic island. Gimblett and Hender predict that the 
plasma should be rapidly brought to rest by this effect in HBTXIC with the 3.0ms 
time constant shell [Gimblett, Hender, 1988].
The coherent mode activity observed in HBTXIB on removal of the 
limiters is seen to be stationary. This effect may be present, preventing the 
plasma rotating in the presence of this mode. It would therefore be of interest 
to measure the toroidal rotation velocity of the plasma from the Doppler 
broadening of the CV line radiation in HBTXIC under conditions where this mode 
may be seen.
2.11 Summary of Results.
It has been shown that the form of the energy spectrum of the charge 
exchange neutrals emitted from the plasma is due, during the sustained phase of 
the plasma discharges, to ion temperature, electron, and neutral spatial
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distributions in the plasma rather than due to a significant contribution from 
non-Maxwellian ions. When the deuteron self-thermalisation time is shorter than 
the global energy confinement time, then, whatever process is energising the 
ions a Maxwellian distribution of ion energies should result over most of the 
range of ion energies detected. Thus the neutral energy spectrum can be readily 
interpreted in terms of ion temperatures. In addition, even when the 
thermalisation time is longer than the energy confinement time, no apparent 
difference in the ion temperature behaviour is found. It is therefore concluded 
that the ion heating mechanism is operating through the lower energy ions which 
thermalise rapidly or that the ion velocity distribution produced by the heating 
mechanism is close to Maxwellian.
Collisional heating of the ions, either directly from collisions with 
the electrons or indirectly through the impurities is shown to be insufficient 
by at least an order of magnitude to account for the measured temperatures.
Another interesting observation in the HBTXIA/B experiments and the 
RFP in general is that the Spitzer resistance, including Z from the impurities
C.-PP
and the ‘dynamo’ activity required to maintain the RFP field profile (i.e. that 
estimated using the helicity balance model assuming a perfect plasma boundary ) 
does not account for the observed resistance of the plasma [Carolan,1987]. It 
is only when the helicity loss due to an imperfect plasma boundary is included 
in the helicity balance model for the resistivity that the observed resistance 
can be explained [Jarboe, Alper, 1987], [Tsui, 1987] The ion power balance model 
presented in chapter.3. [Carolan, 1987] includes these effects in its 
formulation and, together with some simple assumptions, is capable of 
reproducing the observed experimental results. This agreement between the model
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and the experimental results lends credence to the hypothesis that there is a 
strong association between the non-Spitzer component of the plasma resistance 
and the ion heating power. The clearest evidence for this comes from the 
observations that there is an increase in the ratio T.(0)/T (0) with the
i  e
additional voltage required to sustain the plasma current when a limiter is
Inserted into the edge of the plasma and the decrease in the ratio T.(0)/T (0)
e
when the 156 graphite limiter tiles are removed from the plasma, where the loop
voltage drops from 30.0V to 20.0V. Other supporting evidence comes from the
increase in T.(0)/T (0) with 0 and the linear relationship between T.(0) and Tt  C -V e
(0) at a fixed 8 value and plasma boundary conditions, both of which are 
predicted by the ion power balance model.
The total poloidal beta, Ë , and separate ion and electron
I B
contributions to the poloidal beta, B . , are estimated from experimental data
r
under a wide range of conditions with I,of 100.OkA to 500.OkA and with the
t
limiter tiles in position and removed. The total is found to decrease from 
20.0% at 100.OkA to 5.0% at 450.OkA and exhibits a similar I , dependence both
t
with and without the limiter tiles in position. With the limiters in position
is shown to be about 0.5 of B over the range of plasma currents considered.
I d Z
With the limiters removed B was found to decrease from 12.0% at 100.OkA to 2.5%
l e e
at 500.OkA and B .to remain approximately constant at 2.0%+/-1.0%. The I.
r e i  t
dependence of remains largely unaltered on removing the limiters. However,a
the separate contributions of the electrons and ions,B^are quite different with
l e i t
and without the limiters, possibly indicating a physical limit to the total 
rather than the individual ion and electron contributions to B .
It has been demonstrated that the impurity ion temperature can be
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higher than that of the deuterons, suggesting that the ion heating power per
S.koixj>w/v 4-0
particle v^ v+-U_ the ion mass, "The CV ion drift velocity is^
similar to that of the deuterons. The rotational velocity of the ions is 
insufficient for the ions to acquire directly the necessary power from the loop 
voltage to heat the ions to the observed temperatures.
The radial electric field and plasma potential distributions are 
determined from a consideration of the radial force balance of the ions. It is 
assumed that the deuterons rotate at the velocity of the CV ions and that the 
plasma rotates as a rigid body (in cylindrical geometry) and that the field 
profiles are given by the MBFM fitted to measured values of 6 and F at the 
plasma edge. The plasma potential on axis is found to be 1504-/-170eV the range 
of values representing experimental uncertainties.
The observed direction and magnitude of the toroidal rotation of the 
CV ions may be reproduced from a consideration of the collisional momentum 
balance of the particles only if the correct Z and the dynamo electric field 
(including helicity loss at the plasma boundary) are included and an anomalous 
momentum loss from the electrons is assumed.
The with the limiters in position the mode rotation velocities of the 
magnetic perturbations are measured to be about 5.0 times that of the CV ions 
both toroidally and poloidally [Tsui, 1987]. Similar mode rotation velocities 
are observed at normal reversal (0 = 1.4) and at deep reversal (0 = 1.7). In 
5.0% of the deeply reversed plasmas a non rotating m = 1, n = 5 mode at 1.OkHz 
dominates the magnetic fluctuations, this mode has been attributed to an ideal 
on axis kink resistive wall mode [Gimblett, Hender, 1987]. This mode is
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predicted to phase lock to the wall and possibly result in mode locking bringing 
the plasma to rest [Wesson, Nave. 1987]. Measurements of the CV rotation 
velocity were not made under these conditions. Future experiments in this area 
would be fruitful which could possibly confirm the presence of mode locking
activity.
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3 A Model of the Energy Balance of the Ions in the Reversed Field Pinch.
3.1 Introduction.
In this chapter a simple power balance model of the ions in the RFP is 
presented which is applied to the conditions of HBTXIB in a variety of 
situations where it is seen to reproduce certain features of the measurements 
presented in chapter.2.
It has been established in chapter.2. that the ions in the HBTXIB 
RFP, as in other similar devices, are heated by some mechanism to temperatures 
which cannot be explained by heating through collisional equipartition with the 
electrons, even indirectly through impurities. In the RFP the presence of 
fluctuations in the magnetic field and fluid velocity is thought to be the cause 
of the resistance anomaly. The fluctuations may absorb electromagnetic energy 
and helicity in one region of the plasma, and, through transport of helicity, 
maintain the field configuration against resistive decay and helicity losses at 
the plasma edge. A substantial fraction of the energy is not dissipated by the 
electrons through Ohmic heating but is absorbed by the fluctuations. It is an 
obvious question to ask if this energy can account for the anomalously high ion 
temperatures observed. It is to this end that this simple ion energy balance 
model has been developed.
The problem consists of solving the ion energy balance equation (see
ch.1.) ;
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V . f i E  =  H i  -3.1
where it is assumed that the flux of ion energy is entirely diffusive, being 
represented by an ion energy diffusion coefficient as;
f i E  =  - D iE V U i  [W m -'‘ ] -3.2
U i  =  ^ e m T i  [Jm'®]
Charge exchange energy losses from the ions are neglected as these 
have been shown, from an analysis of the measured neutral particle flux, to 
represent less than 0.02 of the total Ohmic power input to the plasma. Charge 
exchange losses are not negligible in Tokamaks where the ion confinement is at 
least 10 times that in RFP's. Cylindrical geometry and symmetry are assumed.
The model will be described in three parts, the determination of the energy
input to the ions, the determination of the ion energy diffusion coefficient, 
and the calculation of the ion temperature profile.
3.2 Calculation of the Power Input to the Electrons and Ions.
The mean field Ohm's law for the plasma assuming no mean flow, is
given as;
E  =  t]J— < v A B >  [Vm~^]  - 3 . 3
which on taking the scalar product with the current density gives the magnetic 
energy dissipation as;
E . I  =  t] J ^ - < v A B >  J  [ W m - ^ ]  -3.4
If the resistivity, ij, is assumed to be given by the Spitzer form (see
chapter.1.) (by which it is adequately represented, as is shown by the helicity
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balance formalism, if account is taken of helicity loss at the plasma boundary) 
then the resistive dissipation term can be used to calculate the local heating 
into the electrons. The resistivity is estimated here using the helicity 
balance model (including the terms due to the helicity loss at the boundary), 
the resistivity on axis being given by;
l i t T i l s  > '
where the V is due to the helicity loss at the plasma boundary and is given by;
o n o f K
Vanorrx = T / X P - ' ^ S  [V]
the determination of which will be described below. A Spitzer temperature
dependence for the resistivity is assumed, where;
7(0) (r.(o)J
where x =  r / a
The magnetic field and current profiles are modeled by adjusting the |i(x)
profile to match the values of F and 0 measured at the plasma edge. From this
point the discussion will use specific parameters from HBTXIB plasmas. Fig.3.1. 
shows the F versus 0 curve fitted to the experimental values of 6 = 1.34 and F = 
“0.06, typical of normal HBTXIB operation with graphite limiters in position and 
the plasma fully centred with the vertical field. The jj(x) profile for this fit 
is given as;
/i(x) =  2.7(1 -  x'"®) -3-8
The value of p(0) needed to match the 0 value ofc a given value of F is shown in
r '
r'
fig.3.2. The magnetic field and current profiles for this u(r) profile are
shown in fig.3.3(a) and (b).
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+ Experimental values
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u.
- 0  5
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0
15 20
Fig.3.1.The calculated F-© curve fitted to expérimenta ! values of F and 0
measured at the plasma edge for I = 200kA and with 156 graphite
 ^ 10.0  
limiters in position. A j)[i) profile of ji(x) = ji(0)(l-(x) )
provides the best fit.
4
2
0
0 0 0 5 10 2015
Fig.3.2.The u(0) value required to match a given value of 0 for a fixed
10.0
ilue of F and p(r) profile of jj(r) = |i(0)(l-(x) ).
The resistivity may be calculated from eq.3.5. provided that the
anomalous voltage can be quantified. This can be done by observing that if a
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Fig.3.3(a).The B(x)[T] and B(x){T) profiles for I = 200RA, © = 1.34 and
• • f‘ 10.0
F = -0.06 with a p(x) profile of u(x) = 2.7(l-(x) ).
2
0
0 0 05 10
- 2  *  - 2
Fig.3.3(b).The J(x)[MAin ] and J(x)(MAm ] profiles for the same parameters 
f z
as used in fig.3.3(a).
plot of the loop voltage versus the toroidal current is drawn (for plasmas of 
constant F, 0, which are all centered) with data from plasmas with equal 
electron temperatures, then the loop voltage is linearly dependent upon the
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plasma current, the slope giving the resistance, and the intercept giving the
anomalous voltage. This was done (at the time of writing) for plasmas of 0 =
1.35, fully centred, and with the limiter tiles both in the vessel and removed.
The anomalous voltage, V , is found to be 14.0V in the case with the limiters
cnom
and 4.0V in the case without the limiters. The assumption that the anomalous 
voltage is approximately independent of plasma current is reasonable as the 
voltage is thought to depend upon the local electron temperature at the wall as 
explained in ch.l.
The relative resistivity profile is shown in fig.3.4(a). and the 
absolute resistivity profile is shown in fig.3.4(b). for electron temperature 
profiles of the form;
Tg(x) =Tg(o) d-x")
F"
F
4
2
n = 6
0L_ 
0 0 05 10
Fig.3.4(a).Relative resistivity profiles, n(xf': r":, plotted for n(x) =
constxT (x)
-3/2
for T (x) = T (0)(l-x ) with n = 4,5 and 6.
r.(x) = T,(0)(1 - r") [eV] , n = 4,5,6 -3.9
which span the experimental estimates for the profile (see ch.2.).
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n = 6
0 5
00 05 10
Fig.3.4(b).Absolute resistivity profiles. ij(x)[|>Qffi ], for the same conditions
as in fig.3.3,4(a). with V = 30.0V and V = 14.0V.
I anom
— 3
The Ohmic power heating the electrons, H [Wm ], and the power into
-3 ok»n
fluctuations, H [Wm ], are calculated from the expressions;
H u t
H j U c  = E ^ J ^  —  r ] P  -3.11
and are shown in fig.3.5. for the three temperature profiles with n = 4,5 and 
6. Note that the power into the fluctuations is high in the centre of the 
plasma where the fluctuations act to enhance the effective resistance and 
negative in the outer regions of the plasma where the fluctuations act to drive 
the poloidal current in the absence of an applied electric field. The total 
power into the electrons, Q [W], and the fluctuations, Q [W], out to a radius r 
is given by.
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Fig.3.5.Power densities into the electrons, H (x)[MWm ] and into the
fluctuations, H (x), for the same conditions as in fig.3.4(b). 
f Iwc
Q (ro) =  [  H^(r)rdr [W]
oh*n J 0
Qfiuc{r) = An^RmJ^ Hfi,,c(r)rdr [ l i ' ]
-3.12
-3.13
and is shown in fig.3.6. Note that about half of the power input to the plasma 
is seen to be passing into the fluctuations in total. These power profiles are 
quite insensitive to the electron temperature profile, as is the fraction of 
total power into the fluctuations relative to that into the electrons.
3.3 Calculation of the Ion Diffusion Coefficient.
In this model, the ion energy diffusion coefficient, D , is assumed to 
be equal to the ion particle diffusion coefficient, D. , the justification for 
this is given in the discussion section.3.6.. The meaning of this assumption is 
that the ion energy is transported by the diffusing particles. Under this
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20
0
0 0 05
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n=6to
2-0
0
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Fig.3.6.The total power input to the ions, Q (x )[MW) and the electrons,
fteo
Q (x )|HW] y ont to a radius x , assuming that the power input to
#kwo o
the turbulence heats the ioos locally . The same conditions are used
as in fig 3.4(b).
assumption the ion particle balance equation may be used to calculate the ion 
energy diffusion coefficient. The ion particle balance equation is (see ch.l.);
V . / ;  =  5 .
with the diffusive flux given by;
fi =  - D i V U i
-3.14
-3.15
The electron and ion densities are assumed to be equal, the source of ions and 
electrons are thus also equal and given by the rate of ionisation of the 
background neutral deuterium density;
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5i(æ) =  Ci{T^{x))n,{x)no{x)  -3.16
Ci{Tf)  =  Ionisation rate coefficient
The electron and ion densities are adequately represented by a parabolic profile 
(see ch.2.) and for the case in question will be taken as;
n.(x) =  3.0 X 10'®(1 -  [m-^1 -3.17
The absolute neutral density profile is not known for all plasmas (see ch.2.)
therefore the relative neutral density profile is considered as given by;
no(ï) =  n o r ( x ) w  [m~^] -3.18
to =  Normalisation factor
and a novel method is used to calculate the diffusion coefficient. The relative 
neutral density profile is obtained from the Monte-Carlo code used for the NPA 
analysis in ch.2. A single profile is used as the profile is found to be
reasonably insensitive to the assumed parameters of;
T (x ) =  245.0(1 -  +  5.0 [eV] -3.19
r .(x )  =  245.0(1 - x ®)  + 5.0 \eV] .3 20
with the electron density as already specified and a neutral influx velocity of 
S.OeV. The relative neutral density profile used in the model is shown in
fig.3.7. The ionisation coefficient used is that specified by Lotz [Lotz, W], 
its radial profile for the conditions assumed is shown in fig.3.8. An 
expression for the diffusion coefficient may be derived which is explicitly 
dependent upon the normalisation factor, w;
.2
Di(xo) =  ® Ci(ic)nor(«)(l -  x^)xdx [m^s - 3.21
^ X q J o
A novel technique can be used to normalise the relative ion diffusion 
coefficient calculated using eq.3.21. The equality of the electron and ion 
densities and source terms has already been noted, this forces the ion and
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Fig.3.7.The relative neutral density distribution calculated using the
Monte-Carlo code described in chapter.2. with assumed parameters 
as specified in fig.3.9.
IONISATION RATE COEFFICIENT
m
%
(_f
2
0
0 0 05 10
Fig.3.8.The ionization coefficient distribution calculated from Lotz
[Lotz.W.J for the three electron temperature distributions used 
with n = 4,5 and 6 (as defined in fig.3.4(a).)
electron particle diffusion coefficients to be equal as the flow must be 
ambipolar in a steady state to preserve quasi-neutrality. Therefore, a
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knowledge of the electron diffusion coefficient will provide the ion diffusion 
coefficient.
os
If it is assumed that for the electrons the ions, the energy and
A
particle diffusion coefficients are equal, then the electron energy balance can
be used to calculate the electron diffusion coefficient. This is not quite
straight forward as the electron energy balance equation must include parallel
electron thermal conduction which is large compared with the ion thermal
conductivity. Following a treatment by Rusbridge [Rusbridge, 1969] we may write
the electron energy balance as;
H,  =  V.(f,Ed +  f e E c )  [Wm-^]  -3.22
feEd =  Diffusive flux [Jm~‘^ s~^ ] 
feEc =  Conductive flux
and ^gÿid f^re given by;
f e E d  =  - D e E ' ^ U e  -3.23
U e  =  [Jm~^]
f ‘ B c  =  - .^||VT.(r)
Radiation losses are ignored in this form of the electron energy balance. 
Radiation due to Bremsstrahlung, line, and continuum radiation from the 
deuterons and impurities results in cooling of the electrons. It has been shown 
frequently [Bunting, Carolan, Manley, Patel, 1987] that radiation losses 
constitute less than 0.05 of the total energy losses from the plasma. 
Therefore, radiation losses are not considered explicitly in this model. In the 
insertable tile experiments, discussed below, radiation losses may not be 
insignificant. This problem is discussed more fully in section 3.5.3. and 
section 3.6.
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This form of the conductive energy flux actually gives calculated 
values which are too large compared to those measured, as this form assumes 
complete ergodicity and a classical electron thermal conductivity, this is 
perhaps not surprising. In the context of this model the electron temperature 
gradient dependence of this flux is the important feature. As experimentally it 
is found that the electron temperature profile is flatter than the density 
profile then, near the axis,the conduction term can be neglected in comparison 
with the diffusive term by ignoring terms in x of order n or higher, giving;
therefore f^Ec =  0 
and;
df/g  ^ r TT -3l -3.26- -3 /2n ,(0 )r,(0 )æ  [eVm-
dx
Under these assumptions, for x«l, eq.3.22. and eq.3.23. may be used to find 
the diffusion coefficient at, or near the axis;
and similarly for x «  1 eq.3.21. gives;
D,(x) = [^2^ -1] -3.28
and thus, if it is assumed that the energy and particle diffusion coefficients 
are equal for the electrons, the normalisation factor, w, becomes;
 ________
3«n,(0)r,(0)Ci(T,((l))no,(0)
A fully determined expression for the ion diffusion coefficient now follows from 
eq.3.21.;
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*0 Ci{T,(x))nor(x)
-3.30
The ion diffusion coefficient calculated using eq.3.30. is shown in 
fig.3.9. for the conditions previously specified, it is not flat as was assumed
400
E 200
00 05 10
Fig.3.9.The ion diffusion coefficient, D (x), calculated from the model
i
assuming the same conditions as in fig.3.6. but with n = 5,
19 2 -3
T (0) = 250.OeV and n (x) = 3.0x10 (1-x )|m ). The relative neutral
e e
particle density n (x) is calculated using the Monte-Carlo code
described in chapter.2. with T (x) = 245.0 (1-x ) + 5.0 eV and
1
an influx velocity of 5.OeV.
Z -1
by Manley [Manley, 1987] (see ch.l.) but peaks from about 50.0 m s in the
% -1
centre to about 300.0 m s at 0.95 of the minor radius due to the higher neutral
density at the edge leading to a greater source of plasma. However, the mean
value of the diffusion coefficient is in agreement with that found
2  -1
experimentally by Manley for the CV ions of 50.0 to 100.0 m s .
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3.4 Calculation of the Ion Temperature.
The ion temperature is calculated from an expression for the energy 
density in the ions derived from eq.3.13.;
.(r) = - r
0 A 7 r R m r o D , ( r o ) -3.31
T i r )  -
“ 3en.(r) -3-32
The ion temperature profile calculated for the conditions specified for fig.3.9. 
and with a loop voltage, V,, of 30.0V and an anomalous voltage, V , of 14.0V,
6 onom
corresponding to the limiters being in position, is shown in fig.3.10.. The
calculated ion temperature profile is peaked. This is due to the fact that the 
ion heating power profile is peaked on axis and negative in the outer regions of 
the plasma, the ions do work on the fluctuations in this region (according to 
the predictions of this model) and are cooled in the outer regions. The 
diffusion coefficient is also higher at the outer regions of the plasma
increasing the heat loss in this region. The electron temperature profile is 
flat because of relatively flat Ohmic heating profile and the effect of the
electron thermal conduction term is also to flatten the electron temperature 
profile.
It is of interest to use the model to determine the scaling of the 
calculated ion temperature with various parameters to see if any of the
experimental observations are reproduced. From eq.3.30. the diffusion
coefficient is found to scale as;
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Fig.3.10.The assumed profile of electron temperature, T (x), and ion
e
temperatures, T (x), calculated from the model with the 
i
conditions used in fig.3. 9 . and T (x) measured with the
i
NPA as described in chapter.2.
D i E ( r )  a
1
T,(OK(0) -3.33
and therefore from eq.3.31. U^(r) scales as;
C/Xr) (X T;(0)7%X0) -3.34
so from eq.3.32. T^(r) scales as;
r;(0) < X  T.(0) -3.35
and is independent of n (0), i.e. that T.(r) scales with T (0) and with the
0 1»
same dependence on n (0). T.(0)/T (0) is predicted to be independent of n (0)
e t e.
for fixed F and 0 values and for a fixed anomalous wall voltage,V . The loop 
voltage, V , can be represented by;
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^  ^plasma ^wall -3.36
where the V is due to the Ohmic resistance and internal “dynamo’' processes and V 
is due to the extra 'dynamo' activity necessary to sustain the plasma current 
against helicity losses at the wall. The energy input to the ions can be 
represented by;
I  H,dv = j  HJv -3 37
therefore the energy input to the ions will increase in direct proportion to the 
anomalous wall voltage, V . Therefore, the calculated ion temperatures will 
also increase in direct proportion to this voltage with all other conditions 
remaining constant, as the ion energy diffusion coefficient is calculated from 
the Ohmic heating power into the electrons on axis, which is independent of V 
under these assumptions. Consequently, the ratio T\(0)/T^(0) is predicted to be 
proportional to V with all other factors being constant.
uxxff
3.5 A Comparison Between the Experiment and the Model.
Here, the predictions made for the ion temperature behaviour using
this simple model are compared with the experimental observations; the gross 
predictions are found to be born out by experiment except for the plasmas where 
the 156 limiter tiles have been removed for which the agreement is qualitative 
rather than quantitative, this being attributed to a change in the scaling
behaviour of the electrons on limiter tile removal.
3.5.1 Plasmas with the Limiters in Position.
A comparison of the ion temperature profile predicted by the model for
the conditions with the 156 limiters in position as in fig.3.10. and the ion
temperature profile found as a best fit to the neutral energy spectrum measured
A.R.Field. Ion Behaviour in the HBTX1A\B Reversed Field Pinch. Page.222.
with the NPA for the same plasma conditions is shown in fig.3.10. The T,(0) is
texp
normalised to the T (0) value used in the calculations and is well within the
e
range of typical values measured under these conditions. Although the agreement 
between the calculated and experimental ion temperature profiles is remarkable 
(perhaps fortuitous) these results should be interpreted with caution. The ion 
heating power is assumed to heat the ions locally, the power input to the 
fluctuations being dissipated into the ions without transport of energy by the
ria+o
fluctuations before dissipation ^ the ions. Although the total power into the 
ions is given correctly, but for minor edge effects [Tsui, 1987], by this 
formulation, the actual profile of the power deposition may be different. The 
author is not able to make further sophistications to the model at this stage. 
The measured ion temperature profile is also the result of an interpretation of 
the neutral energy spectrum from a single line of sight and should therefore be 
treated as being indicative of the ion temperature profile rather than 
definitive.
The prediction of eq.3.35., that T%(0)/T^(0) should be constant for 
fixed F and 0 values and V is born out by experiment in the case with the 156
OJaJf
limiters in position. As shown in fig.2.20. the ratio is of order 1.0 over the
wide range of conditions of [n ] and I at which these measurements were made.
The regression analysis shows T.(0)/T (0) to be virtually independent of [n ], T.
^ -o soy ^ ^
(0) scaling as [n ] and T.(0) scaling as [n ] . The scaling with I is not quite
^ D O U Z  T
independent of I , T (0) scaling as I and T.(0) scaling as I,. This is perhaps
<P 2. f  \ <t>
to be expected as T.(0)/T (0) is predicted to increase with V and V , as given 
by eq.3.6., may be expected to increase with I as the field errors or edge 
electron temperature may increase with increasing fluctuation activity at the 
higher currents. The p o t e n t i a l , t h e  wall is predicted from the expression;
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X =  1.8TX(^) M -3.38
where the electron temperature at the wall, I^(a), may also perhaps increase
with I due to the higher power flux at the wall at the higher currents. Recent 
9
results from Langmuir probe studies at the plasma boundary [Noonan, 1987] 
indicate that T (a) scales in proportion to the central T (0), thus, as T (0)
O W-®' rsjù'Z ^  ^
scales as I., V will scale as I also. A plot of V. against I can be used toI* V WJ.XX a v o i c o JL . cij. o u  $ t\ U 1 V $ ci gel 1 Ilb L 1
4^ — o-w. Af cp <p ^
estimate V if the points are grouped according to the value of T (0).
woQL e
3.5.2 Highlv Reversed Plasmas.
The increase of T.(0)/T (0) from about 1.0 to about 1.3 with the 
t 6
increase in 0 from 1.35 to 1.7 as shown in fig.2.22. is possibly explained from 
the increase in the V because of the increase in 0 value. An expression for the 
voltage V in terms of 0 has been derived by Tsui [Tsui, 1987] (see chapter.1.) 
as;
0
-3.39
Therefore, increasing 9 should increase T ^ (0)/T^ (0). The effects of the 
different field and current profiles at the higher 0 should also increase the 
amount of energy input into the fluctuations as the higher reversal requires 
more 'dynamo' activity to sustain the plasma. However, the calculations have 
not been carried out at the higher 0 value due to doubts about the validity of 
assuming cylindrical symmetry at the higher 0 values above 1.6 where the minimum 
energy state is predicted to be helical (see ch.l.). The fractional increase in 
V predicted by eq.3.39. of 1.25 on increasing 0 from 1.35 to 1.7 is the same as
u»*tc
the order of the increase in T.(0)/T (0) value of 1.3 observed. The observed 
increase by a factor of 3.3 in the loop voltage required to sustain the plasma
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current is much greater than that predicted by the surface term alone, therefore 
little may be said with confidence about the validity of the model under these 
conditions.
3.5.3 Plasmas with a Graphite Tile Inserted at the Edge.
A series of experiments are presented in ch.2. where a mobile 
graphite limiter is inserted into the plasma edge in order to increase the 
helicity dissipation in this region in a controlled manner [Alper, Tsui, 1987]. 
The consequent increase in the loop voltage necessary to sustain the plasma 
current on insertion of the limiter is predicted by Tsui to be given by;
dVanom =  A  [F] 4°
dx =  The voltage across the limiter TvJ 
A =  The projected area of flux intercepted by the limiter [m ]^
The experimentally measured loop voltage, V , and the increase in T . (0)/T (0)
<j> -V e
measured on insertion of the limiter, versus the limiter insertion distance is 
shown in fig.3.ll(a,b). The plasma current,F ,and 0 values were held constant 
for this series of plasmas.
Also shown is the relative intensity of the CV(227lX) line radiation,
I(CV). In ch.2. it is shown that I(CV) is proportional to n n.(CV) and
e I
independent of T under these conditions and thus can be used as an indication of
the radiated power from the carbon (proportional to I(CV)) and the ion depletion
Z
due to the carbon ions (proportional to I(CV)/n ). The results presented here
&
are from plasmas where a pyrolytic graphite tile is used. At later times in the 
discharges, particularly at the large insertion distances, the radiation from 
the carbon impurity becomes significant. At the lowest values of I(CV) early in 
the discharges I(CV) is equal to the I(CV) observed from the graphite tile at
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Fig.3.11(a).The ratio T (0)/T (0) measured on insertion of a pyrolytic 
1 e
graphite tile into the plasma versus the penetration of the tile 
beyond the limiters for plasmas with the 156 limiter tiles in 
position and 6 = 1.35. Also shown is the relative magnitude of 
the CV(227ll) line radiation which is proportional to the area 
of the squares at each point.
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the same Insertion. Under these conditions P was no more than 20.0% higher than
rcui
with the tile withdrawn and, the increase in the Z due to the increased impurity
influxes from the limiter is shown not to be able to account for all of the
measured increase in the loop voltage [Carolan, Bunting, Manley, Patel, 1987].
The values of T. (0)/T (0) calculated using the model are also shown in the
■V &
figure. In these calculations the value of V = 14.0V is used where the 156
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Fig.3.11(b).The ratio of Ion to electron temperature, T (0)/T (0), measured
1 e
on Insertion of a pyrolytic graphite tile into the plasma
versus the penetration of the limiter beyond the limiters
for plasmas with the 156 graphite limiters in position
and e = 1.35. Also shown are the associated toroidal voltages,
V [V], and the T (0)/T(0) values predicted using the ion 
f i e
energy balance model for the conditions assumed in fig.3.9.
limiters are in position and the loop voltage assumed to be made up of three 
components ;
^  “  ^plasma ^wall ^tile 1^ 1
-3.41
With the tile inserted V + V is assumed to remain equal to the case with no tile
insertion and V is assumed to be equal to the increase in the loop voltage on 
K/e
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insertion of the tile into the edge plasma.
The increase in V ,and T, (0)/T (0) both measured and calculated, on 
<t> % e ' y
tile insertion is evident. The calculated values of T^(0)/Tg^(0) are generally
closer to the higher measured values of T. (0)/T (0). For the conditions with
t &
the lowest I(CV) where radiation is least important the experimental values of T^
(0)/T^(0) are lowest and the model tends to overestimate T^(0)/T^(0). Under
these conditions the impurity contamination is not able to fully account for the
measured increase in V^ . It is reasonable to suppose that the resultant
Increase of the power into the plasma that is not dissipated into the electrons
heats the ions and thus increases T.(0)/T (0). That the model overestimates
i e
this increase may be evidence of reduced ion confinement with the tile inserted 
that is not accounted for by this simple model.
It is of interest to consider qualitatively the effect of the radiated
power loss and ion depletion caused by the impurity contamination on the
predictions of this model if these effects were to be included explicitly.
Power radiated from the electrons would require a smaller value of the electron
energy diffusion coefficient to balance the Ohmic heating. This would reduce
the value of the ion energy diffusion coefficient used and thus increase the
predicted ratio of T.(0)/T (0). The inclusion of ion depletion would also lead
X  e
to an increase in the calculated ratio T.(0)/T (0) as the power into the ions
X e
would be heating a smaller number of particles. It is pointed out that no
Z
association between T.(0)/T (0) and I(CV)/n is found, ion depletion is therefore
X e ^
not immediately shown to be an important factor. Careful experiments, in which 
the radiated power is measured, should be compared with predictions made using 
an ion power balance model extended to include radiation losses before
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definitive statements may be made.
3.5.4 Plasmas with the 156 Limiters Removed.
The increase in the loop voltage necessary to sustain the plasma
current with the increase in the dissipation of helicity at the plasma boundary
prompted a series of experiments where the 156 graphite limiters were removed
from the vacuum vessel. The resultant decrease in the measured loop voltage
from typically 30.0V to 20.0V at 200.OkA, 0 of 1.35 and the plasma fully centred
implied an improvement of the energy confinement time by a factor of two,
allowing for the observed increase in the electron temperatures. The ion
temperature is calculated for the same conditions as for the calculation with
the 156 limiters in position, but the value of V used is 4.0V ,as discussed
above. With this value of V the calculated value of T.(0)/T (0) decreases to
about 0.5, in qualitative agreement with the decrease in T.(0)/T (0) measured.
\  e
However, the experimental scaling of T.(0)/T (0) with [n ] and I,does not follow
-V e 4>
that of the model. In fig.3.12(a and b). is shown the scaling of T. (0)/T (0)
Xj &
with I and [n ] with the 156 limiter tiles in position, showing its virtual
independence of these parameters, and in fig.3.13(a and b) with the 156 limiter
tiles removed. In the case with the limiters removed T.(0)/T (0) is seen to
19 ^ '3 ^
increase linearly with [n ] (at least below [n ] = 2.5x10 m ) and I , this
e e <()
behaviour is clearly at variance with the predictions of the model. The scaling 
of T. (0) and T (0) with I and [n ], as shown in fig.2.28., indicates that the
•6 e e
difference to this scaling behaviour can be attributed to an increase in the
electron temperature at low currents and densities on removal of the limiters.
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Fig.3.12.The experimental scaling of T (0)/T (0) with (a) I , and (b)
1 * f
(n ] for plasmas with the 156 limiter tiles In position.
3.6 A Discussion of the Models.
This chapter has presented a first simple model of the ion energy 
balance in the RFP. Other workers have since developed the model in a more 
general form [Carolan, Field, 1988] including the effects of finite and
addressing some of the criticisms of the model as presented here.
The central assumption of this model, that the power input to the 
plasma remaining after Ohmic heating of the electrons heats the ions locally
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through viscous damping of the fluctuations seems to be supported by its 
predictive power as applied to a wide range of plasma conditions. Other 
assumptions have to be made to enable the T^(r) profile to be calculated, these 
assumptions not being fully justified with physical models.
The ion transport is assumed to be entirely diffusive. This poses a 
problem in that only for a parabolic density profile can the calculations be 
closed [Carolan, Field, 1988]. Convective terms may also be important and may 
resolve this difficulty.
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Fig.3.13.The experimental scaling of T (0)/T (0) with (a) I , and (b)
i 6 +
(n ] for plasmas with the 156 limiter tiles removed, 
e
The assumption that the energy and particle diffusion coefficients for 
the ions and electrons are equal is a strong statement and implies that the 
energy is carried by diffusion of particles. Also, neglecting the contribution 
to electron energy loss from conduction on axis is only valid if the total 
electron energy losses by diffusion and conduction are of the same order. That 
they are of the same order is born out by the calculations of Carolan, [Carolan, 
Field, 1988].
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Fig.3.13(b).
Assuming that the power input to the fluctuations heats the ions 
locally neglects that transport of the energy in the fluctuations could occur 
before dissipation, thus changing the ion temperature profile from that 
calculated by this simple model. The total power input to the ions would be 
unaltered by such transport, but for surface terms [Tsui, 1987] which are 
negligibly small. Therefore, the gross the predictions of the model would be 
little changed by such transport.
The calculations presented earlier of T^(r) with the limiter tiles in 
position used a value of V of 14.0V, later, more reliable, estimates of V =
(Jatt wan
19.0V would raise the predicted value of T. (0) above that of T (0) giving
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approximately T^ (0)/T^ (0) = 1.3, for the case with the limiter tiles in
position. This is higher than the experimental values of T.(0)/T (0) but allows
t c
for the possibility that the power input to the fluctuations is not dissipated 
locally but is transported by the fluctuations before dissipation or that the 
power input to the fluctuations may also heat the electrons through an enhanced 
non-classical electron viscosity. It is possible that electron heating could 
occur due to the high electric fields generated in reconnection processes as 
described in ch.4.
The effect of including the radiated power loss from the electrons
into the model would be to raise the predicted value of T.(0)/T (0). Although
i e
the experimental electron temperature profile is used, the ion diffusion 
coefficient is determined from a consideration of the electron energy balance, 
by making assumptions about the diffusion of ion and electron particles and 
energy. To firm up on the conclusion that the model explains the enhanced ion 
heating observed on increasing the edge helicity dissipation, it should be 
extended to include radiated electron power loss, and comparisons made with 
experiments where this power loss is measured directly with a bolometer.
The effect of ion depletion would also be to raise the value of T^
(0)/T (0) because there would be less ions to heat. There is some evidence that
e
ion depletion has little effect, as shown in ch.2., owing to the lack of
9.
correlation between I(CV)/n and T , (0)/T (0). Ion depletion could also be
& &
included in the model explicitly.
3.7 Summary:
In summary, this model is a first attempt at treating the power
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balance of the ions in an RFP. The assumption that the power remaining after 
Ohmic heating of the electrons heats the ions locally, through viscous damping
of fluctuations, is combined with theories of incomplete relaxation, helicity
balance, and edge helicity loss and simple assumptions about the processes of 
particle and energy transport. The model can be used to predict some of the 
most striking features of the ion behaviour;e.g. that T^(0)/T^(0) is constant 
(with limiters in position) and that this ratio increases with increased edge 
helicity dissipation. The model breaks down, giving only qualitative agreement 
with experiment, in conditions where the limiter tiles are removed from the
plasma. This can be attributed to an improvement in the confinement of the
electrons at low plasma currents and densities under these conditions.
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4 The Possible Heating Mechanisms of the Ions.
In the preceding chapters it has been the intention to avoid, as far
as possible, the presentation of results, and of suggested explanations of those
results from other experiments, in order to present the foregoing argument
clearly. It has been shown that it is possible to explain the ion temperatures
observed in the HBTXIA/B RFP if the power input to the plasma, in excess of that
which Ohmically heats the electrons, heats the ions locally. No dynamical
mechanism has been proposed for the process which heats the ions other than
suggesting that the damping of fluctuations in the magnetic field and fluid 
<v **
velocity, the <vxB> correlation of which is thought to be responsible for both 
the resistivity anomaly and the maintenance of field reversal, may
preferentially heat the ions and thus account for the anomalous ion heating
observed. It is the purpose of this chapter to review the measurements of ion 
temperature made on other machines, either comparable to HBTXlA/B, or, where 
possible mechanisms of ion heating have been proposed, and thus both 
substantiate the claims made above and uncover the suggestions made by other 
workers as explanations of their observations. The chapter will begin with a 
review of experimental observations of anomalous ion heating, the possible ion 
heating mechanisms will then be discussed, and finally, estimates made of the 
heating power available from viscous ion heating for the plasma conditions
typical of HBTXIA/B.
4.1 A Review of Experiment.
Most RFP experiments have reported ion temperatures higher than or 
comparable to the electron temperature under conditions where these temperatures
could not be explained by collisional heating with the electrons. The presence
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of resistivities substantially greater than the Spitzer resistivity due to 
electron-ion collisions, is also often reported, the presence of which indicates 
enhanced energy transfer from the magnetic circuit to the plasma. In a theory 
of enhanced ion heating this would be a possible source of the energy necessary 
to produce the anomalous ion heating observed.
4.1.1 Zeta. In the Zeta device [Butt, 1958] electron temperatures of 50.0eV to
100.OeV were reported from measurements of the conductivity temperature,
microwave noise and multiply ionised impurities. All of these measurements are
suspected of being underestimates. Electron densities were typically in the 
II -3 20 -3
range of 1.0x10 m to 1.0x10 m and were estimated by microwave scattering, ion 
energies were measured from Doppler broadening of impurity line emission [Jones, 
1962]. A mass dependence of the measured ion temperatures of Ne,Ar,Kr, and Xe 
which had been added to the plasma was found, these temperatures being measured 
at the same time in the discharge. The average ion energy, , was found to 
scale as;
Ei =  102.0 +  2.3mi/mj [eV) ^
The short ( l O . O j i s  to 20.0^s) ion-ion equilibration times compared to the global
energy confinement time (lOO.Ojis) led to these ion energies being interpreted as
a random thermal part plus a coherent fluid fluctuation perpendicular to the B
field. The mass dependence of the energy indicated that the frequency of the
fluctuations was less than that of the ion cyclotron frequency, w , frequencies
ci
higher than w.giving an energy dependence of Z./m.. The amplitude of the E 
ct * 1 1  —
-—I
field necessary to generate the fluctuation was estimated as 3000.OVm with a 
coherence length of 2.0cm to 10.0cm. These estimates of the coherence length of 
the magnetic fluctuations agreed with those obtained from probe measurements. 
Particle confinement times estimated from these results based on random walk 
arguments agreed with those measured. The damping time of the coherent motion
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required to account for the deuterium ion temperature of 104.OeV estimated from 
eq.4.1. was 13.0jis, close to the deuterium ion-ion thermalisation time. 
Damping of these fluctuations by viscous, gyrorelaxational, or shock effects was 
proposed to account for the ion heating.
The plasma resistance, <R>, was found to be anomalous at high currents 
and low electron densities [Burton,1962]. It could be adequately represented by 
a classical component and a component proportional to the energy input to the 
plasma per particle, U;
< R >= + BU -4.2
where the electron temperature was assumed to be proportional to U. The
resistance anomaly was about Z /Z = 2.5 to 4.0 at low densities (filling
f|
pressures of 0.5mT).
Measurements of the Doppler shift of the impurity line emission 
showed no toroidal rotation of the impurities in Zeta [Ware, 1959].
4.1.2 Aloha. In the Alpha device [Afrosimov, 1961] impurity ion temperatures 
were measured from the Doppler broadening of the impurity line emission [Zaidel, 
1961]. Measurements were made photographically over many plasma discharges, 
integrating over the entire plasma duration. Ion temperatures measured were 
found to be proportional to the ion charge as a consequence of the dependence of 
the dominant ion state on the electron temperature and confinement time 
[Carolan, 1983]. This scaling is thus useless for elucidating the ion heating 
mechanism. Typical ion temperatures measured were T ^ (OVI)=1120.0eV, 1%
(0V)=862.0eV and T\(CII)=172.0eV. These were higher than the estimated electron 
temperature but, again, coronal equilibrium was assumed for the impurities thus 
underestimating the electron temperature at the short particle confinement times
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typical of the device.
Doppler measurements indicated toroidal rotation velocities of the
If ^ — 4 If
impurities of v(CIII) = 0.5x10 ms ,v(OIII) = 0.2x10 ms, v(OVI) = 0.6x10 ms and
v(OV) = 1.0x10 ms . The direction of motion was not specified [Zaidel, 1961].
Measurements of the neutral particle energy spectrum [Afrosimov, 1961] 
were made on the Alpha device but not interpreted in terms of the ion 
temperature. Estimates of the axial ion temperature from the slope of the 
spectrum give values of T (0) = 350eV during the sustained phase of the plasma. 
This value is higher than the electron temperatures reported. However, these 
electron temperatures are likely to be underestimates for the reasons quoted 
above.
4.1.3 Sceptre.
In the Sceptre device electron temperatures were measured by a
comparison of the impurity line intensity from the isoelectronic sequence from
o 3 2,0,1 3 1 o 3 2,0,1 I O
CV at 2271.OA (ls2p( P )-ls2s( S )) and 40.731A (ls2p( P )-ls( S ))
[Kaufman,1958], as was used by Manley for the measurement of the electron
temperature profile in HBTXIB [Manley,1987]. Electron temperatures of 21.OeV
are reported. Ion temperature measurements were made from the Doppler
broadening of 0V(27^/X) [Allen,1958], typical values reported were 215.OeV to
327.OeV. Toroidal rotation velocities were also measured from the Doppler shift
4 —1
of typically 2.0x10 ms in the direction of the positive current [Hughes,1959).
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4.1.4 Mark-4.
In the Mark-4 device ion temperatures and toroidal rotation velocities
were measured from the Doppler broadening of the HeII(4686&) line [Hearn,1962].
i  - j
Typical values were T.(Hell) = 43.OeV, v = 3.0+/-3.0 x 10 ms at I,= 60.0kA and T.
'  + 4> n
(Hell) = 34.OeV at I = 30.0kA.
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4.1.5 ZT-1
ZT-1 was a fast RFP similar to HBTXl with a pulse duration of 
typically l.Ojis to lO.Ojis. Electron temperatures and densities were measured by 
Thompson scattering, ion temperatures from the Doppler broadening of 
Hell(4686.oX) [Baker, 1975]. The ion temperature was found to increase with the 
rate of rise of the plasma current.
Class Tr(ey)
15.0
TKeF) I^ (kA)
Slow 2.0 60.0 130.0
Intermediate 12.0 20.0 80.0 70.0
Fast 150.0 40.0 800.0 200.0
21 —3  21 — 3
Electron densities were typically from 1.0x10 m to 4.0x10 m . The high ion 
temperatures observed could have been due to compression due to the fast rate of 
current rise. Attempts were made to observe strong shocks in the intermediate 
mode but none were seen.
4.1.6 ZT-40.
In the ZT-40M RFP, a device similar to HBTXIA/B, ion and electron 
temperatures were found to be about equal at 500.OeV, at a peak current of 
440.OkA, in 2.0ms * round-topped' discharges [Baker, 1985]. The electron 
temperature was found to scale as;
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ST,
Ion temperatures were measured from the Doppler broadening of line emission from
the 0,N, and C impurities and a time of flight NPA system. A more
extensive study of the impurity ion temperature was carried out [Howell,1985] on
ZT-40. Measurements were made of the Doppler broadening of line emission from
OVI(1623.oX), NVI(1897.oX), CV(227lX) using a multi-channel VUV instrument.
Time dependent calculations of the impurity ionization indicated that, over most
conditions, OVI should have been in the central regions of the plasma and CV
further out. At the lower currents NVI was assumed to be in the central
regions. The electron temperature was found to be proportional to the plasma
19 -3
current being 100.OeV at 120.OkA. Electron densities were typically 5.0x10 m .
Single Gaussian fits to the OVI line gave a standard deviation of 0.056. T.
(OVI) was found initially to be 800.OeV falling within 2.0ms to 400.OeV. This
was explained as the collisional relaxation of the OVI ions to the deuterium ion
temperature. However, in these calculations the OVI particle confinement time
was assumed to be infinite. The following relation was found for the OVI ion
temperature, T. (OVI),electron temperature, T , plasma current, I , and electron 
I *■ f ,
drift velocity, v ;
de- '
c( 31, o( 3* cc "4'4
6  '
with T = 400.OeV and T. (OVI) = 400.OeV at I = 400.OkA with v = 12.0x10 ms.
e t do-
This strong dependence of T. (OVI) on the electron drift velocity led to a search 
for ion heating mechanisms driven by the electron drift. The ion cyclo tron  
instability was proposed as a likely mechanism (see below) however c a lc u la t io n s  
of T, again ignored the finite ion confinement time, apart from that due charge 
exchange losses.
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4.1.7 TPE-IRM.
Ion temperature measurements on TPE-IRM from the Doppler broadening of 
CV(2271.oi) and neutral particle analysis [Hirano, 1985] gave ion temperatures 
of 400.OeV at plasma currents of 75.OkA using both techniques. Pulse durations 
were typically 1.0ms. Ion and electron temperatures were found to be comparable 
and proportional to the plasma current.
4.1.8 OHTE.
In the OHTE device, similar to the RFP but with 1=3 helical windings 
to aid reversal in the edge plasma, impurity ion temperatures were measured from 
the Doppler broadening of the CV(2271.oX) line [Tamano, 1985]. During the 8.0ms 
sustained period of a 400.OkA plasma, temperatures of T.(CV) = T = 500.OeV were 
measured at electron densities of 1.0x10 m . The CV ion temperature was found 
to be proportional to the plasma current and, during the initial stages of the 
plasma proportional to the magnetic field. Tamano suggested that the high ion 
temperatures could be due to adiabatic compression during the current rise as 
explained below. As on HBTXIB, the CV line profiles could be fitted to a 
greater accuracy with double Gaussian line profiles [Tamano,1986]. The 
Gaussian giving the greatest rotation velocity. Temperatures and rotation 
velocities measured were similar to those measured on HBTXIB.
4.1.9 ETA-BETA II.
Results from the ETA-BETA II RFP have been consistently in 
disagreement with those from other devices [Antoni,1983],[Alper,1985]. Electron 
temperature measurements were from Thompson scattering, electron density 
measurements from an interferometer and ion temperature measurements from the
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Doppler broadening of OVI line emission. The electron temperature was
proportional to the plasma current, typically 100.OeV at 220.OkA. The OVI ion
temperature was 60.OeV. Antoni et al. report that measurements showed no
&
resistance anomaly. Later measurements showed Z , the ratio of the resistivity
on axis from electrical measurements accounting for the current profile to the
resistivity on axis from the measured electron temperature, assuming Z = 1.0 and
y  = 1.0, to be linearly proportional to the ratio of the electron drift to 
 ^ *
thermal velocity, v /v The Z values reported could be accounted for by
de Uvc, ^ eW
impurities and profiles for Z < 8.0 but not above. The amplitude of high 
frequency field fluctuations was found to be proportional to /v^.
4.1.10 Results from Devices Other Than RFP*s.
4.1.10.1 Tokamaks.
In Alcator ion temperatures of 1.2keV were observed at high values of
the ratio of the electron drift to thermal velocity, v,/v , of typically 0.45 to
de ^
1.0 [Oomens,1976]. The appearance of the high ion temperatures correlated with
an increase in RF emission in the band 300.0MHz to 5.0GHz . The appearance of
the higher frequencies corresponded to an increase in hard X-ray emission and
supra-thermal synchrotron radiation. Emission at frequencies from 5.0 to 10.0
times the ion plasma frequency, w • , corresponded to the appearance of the
energetic ions. The RF emission cut off below w , thus ion acoustic ion heating
j>i
mechanism was ruled out. An ion heating mechanism was proposed by Coppi, the 
'Alcator mechanism ',referred to below [Coppi, 1976].
In neutral beam heating experiments in TFR [TFR Group,1978] a n o m a l o u s  
ion heating was required to obtain a consistent ion power balance, particularly 
in the outer regions of the plasma. RF noise at the ion cyclotron frequency was
I
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observed and the character of the emission altered, on changing from deuterium 
to hydrogen plasma, in a manner consistent with the source being ion cyclotron 
emission.
4.1.10.2 Theta Pinch Results.
Ion heating and thermalisation rates in theta pinches have been 
measured and found to be faster than those expected from ion-ion and 
ion-electron collisions. Oda [Oda, 1976, 1977], in a 0.4m long and 0.098m 
diameter device with no bias field and discharge duration of 2.0us, found
-2 I
electron densities of 4.0x10 m , electron temperatures of 25.OeV and ion
temperatures of 300.OeV from the Doppler broadening of Hell(4868.oX). Ion
heating rates and ion parallel to perpendicular thermalisation times were much 
shorter than those expected from inter-particle collisions. The ratio of
intensity of an allowed He line to a He "satellite" forbidden line was used to
measure the rms E field in the plasma of 6.0kVcm \ Commisso and Griem
[Coromisso, 1976, 1977] used a device with a 0.17m diameter, antiparallel bias 
field with a plasma duration of 1.5ms. T^(D) was found to be 1.0 to 3.0 times
the electron temperature of 200.OeV, impurity ion temperatures were 20.0 times T^ 
and a resistivity anomaly factor of 100 was found. These results were 
attributed to the lower hybrid drift instability. Theoretical ion heating rates 
and anomalous resistivities [Davidson,1975] calculated from quasi-linear theory 
were found to be in reasonable agreement with these observations. Davies found 
similar results [Davies,1972] and also postulated the lower hybrid drift 
instability to explain the results. Shock heating of the ions in these devices 
and the fast RFP’s would seem a good candidate for the observed ion 
temperatures. However, several authors [Commisso, 1976, 1977] ,[Davidson, 1975] 
found that measured ion temperatures are higher than those found from
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calculations of shock heating.
4.2 Possible Ion Heating Mechanisms.
This section briefly reviews some mechanisms which have been proposed 
to account for enhanced ion heating in plasmas. The theoretical papers on this 
subject were reviewed in a paper by Whitfield [Whitfield, 1986], after the 
initial stages of the investigation were begun by the present author. Owing to 
the complexity of this subject Whitfield's comments will be reproduced for 
completeness only and the author will only add to these where experimental 
evidence is called upon or can be supplied for comparison with experiment.
Many of the calculations referred to here use quasi-linear theory, 
which is outlined by Whitfield [Whitfield, 1986], this can also be extended to 
include electromagnetic instabilities and an external magnetic field [Wu,C.S., 
1968].
4.2.1 The Ion Cvclotron Instability.
The ion cyclotron instability is an electrostatic instability which 
grows if the electron drift velocity relative to the ions is sufficiently high. 
The waves grow by inverse electron Landau damping and heat the ions by ion 
Landau damping. The frequency of the wave is given by [Drummond, 1962];
u) =  nwci(l + (T,/Ti)F„) n =  1 ,2 ,3 , . . .  -4 .5
Wei =  QiB/Mi _4 6
F„ =  exp-fc^o;/„ 
a,- =  Ion Larmor radius
The growth rate far from the threshold of the instability is given as;
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G  =  -4 8
2 / ” 7i " k\\Vt^
=  {Te/rricŸ^'  ^ - 4.9
Closer to the threshold, ion cyclotron damping terms must be included. When the
full dispersion relation is solved numerically [Okuda, 1981] the maximum growth
rate is found to occur for k^yk^ 0.1 and k^a^ =f n. The instability criterion
for the most unstable, n=l, harmonic is approximately;
which, for n=l, k^a^= 1 and for deuterium, is given by;
^ > 1 4 . 0 ^  +3 .0  -4.11
Vti Tg
As the frequency of the instability is close to the ion cyclotron frequency the
instability can interact strongly with the ions and can produce an anomalous
resistivity. Dakin et al [Dakin, 1976] calculated the heating rates and 
anomalous resistance using quasi-linear theory and observed the instability in a 
Q-machine. Reasonable agreement was found between theoretical and experimental 
results.
Lysak et al [Lysak, 1980] calculated the quasi-linear heating rates 
and argued that this is a lower limit and that quasi-linear effects probably 
would not stabilise the instability. A calculation of the non-linear ion 
dynamics yielded a maximum heating rate of ;
-4.12
where ^  i s  the saturated amplitude of the electrostatic fluctuations which must 
be derived from some other source. This was estimated by Dumm and Dupree [Dum,
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1970] to be about e^ /T^= 0.4 for Z = 1 and T = T. . Eq.4.12. gives a heating
rate per unit volume of;
H i  =  n i Q i ^ o W c i  -4.13
Heating of the ions was found in particle simulation codes, e.g. of
Okuda et al [Okuda, 1981] who, found substantial ion heating, anomalous
resistivity and anomalous diffusion comparable to Bohm diffusion. ej^  ^/T^  was 
found to be about 0.2.
Ion cyclotron waves are reported to have been found in the TFR Tokamak
[TFR Group, 1978] although the measured drift velocity was somewhat below the
threshold given by eq.4.11. when the waves were observed.
In fig.4.1(a),(b). the ratio of ion to electron temperature, T. (0)/T
t e
(0), is plotted against the ratio of electron drift velocity to ion thermal
velocity, v /v , and the ratio of electron drift velocity to electron thermal 
de. Uxî
velocity, v /v , on axis respectively. The threshold for excitation of the 
Je,
instability is shown. Substantial ion heating is seen for values of the ratio và
/v below the threshold for instability, the axial values are higher than average
values and so it is unlikely that the anomalous ion heating is due to this
instability. This instability may play a role in the ion heating at the low
values of T./T where the critical value of v /v for instability is exceeded. It 
i e. dc.
could be possible that a perturbed magnetic field or impurities could reduce the 
threshold drift velocity for instability [Forsland, 1979].
Howell and Nagayama [Howell, 1985] proposed that this instability was 
responsible for the ion heating observed in ZT-40, this work is discussed above.
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Fig.4.1. The ratio of ion to electron temperature, T  /T, for all types
i e
of plasma versus the ratio of electron drift velocity to (a) ion 
thermal velocity and (b) electron thermal velocity. The critical 
drift parameters for the excitation of the ion cyclotron drift 
and the 'Alcator' mechanism are shown.
The instability has been proposed as an explanation of the ion heating 
in the RFP for many years [Kadomtsev, 1965]. However, given the lack of 
experimental confirmation and theoretical difficulties it does not seem a
promising candidate.
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4.2.2 The Ion Cvclotron Drift Instability.
Ion cyclotron drift modes are driven by gradients of density or 
temperature in the plasma [Mikhailovskii, 1963]. The instability criterion for 
the density driven mode is [Aamodt, 1981];
2\
> 2 n  —
I in I \ m i  \ W f i
where L is the density gradient scale length, 
n
-4.14
Yamada and Hendel [Yamada, 1978] derived frequencies and growth rates 
for density and temperature driven ion cyclotron drift modes. In a Q-machine
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they found that each mode gives anomalous resistivity and ion heating. The 
''high frequency drift wave" driven by the temperature gradient gave very strong 
ion heating and a resistivity anomaly of about 10.0. Quasi-linear expressions 
for the anomalous heating and resistivity were derived. The theoretical ion 
heating rates gave a reasonable estimate of the heating time, although the 
parametric dependence of the heating was not investigated. The calculated 
resistivity was smaller than that observed.
Gary [Gary, 1980] calculated the saturation fluctuation levels of the 
density driven modes and Aamodt et al [Aamodt, 1981] followed the non-linear 
evolution of the instability both analytically and numerically. Saturation 
levels were approximately;
T e y m i  \ W p i )  j \Ln\
McBride and Krall [McBride, 1978] calculated the effect of shear on 
the density driven instability. It was found that shear would not totally 
stabilise the instability but that the growth rate would be substantially 
reduced if;
I r  I / \ l / 2
I 3 / n  I \ m e  I X n  1 /
where L is the magnetic shear length. It is not clear how large this reduction 
S
would be. Hamasaki et al [Hamasaki, 1980] found that, in the reversed field 
pinch, if shear is sufficient to fulfill the Suydam criterion then it is almost 
certainly enough to satisfy the inequality 4.16. Zelenyi [Zelenyi, 1975] found 
that shear could completely stabilise the instability for < 1. This
condition is likely to be fulfilled throughout a large part of the RFP plasma.
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4.2.3 The Lower-Hybrid Drift and Modified Two Stream Instabilities.
The lower-hyrid drift instability is driven by inhomogeneities in the 
temperature, density or magnetic field and propagates perpendicular to the field 
as does the ion cyclotron Instability. The instability criterion is given by 
[Krall, 1971][Rosenberg, 1984] as;
" V E V g  >  c ] -4.17
I I =  E/B
T i  \
-4.18
-4.19
u =  Te /  1 due 1 dB  2 2  ^ dT^ \  -4 .20
 ^ m^Wce dx B  dx ^ ' Tg dx I
The wave has a frequency of;
1/2
with a maximum growth rate of G = (2w) .
The modified two stream instability is similar accept is replaced by v^ . 
Calculations of the ion heating and the anomalous resistivity due to this 
instability were carried out by Ishihara and Hirose [Ishiharh, 1982] and 
Davidson and Gladd [Davidson, 1975] from quasi-linear theory using non-linear 
estimates of the fluctuation levels. Particle simulation of the lower hybrid 
drift instability have been made by Chen et al [Chen, 1983] and Brackbill et al 
[Brackbill, 1984] and of the modified two-stream instability by McBride et al 
[McBride, 1972] who found ion heating and anomalous resistivity. This 
instability has been postulated to explain the formation of hot ion tails in the 
ELMO Bumpy Torus [Rosenberg, 1984] using quasi-linear theory and ion heating in 
theta pinches [Commisso, 1977].
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The effect of shear can be completely stabilising on the lower-hybrid 
drift instability [McBride, 1978] with stability for;
It. I ■‘■22
Hamasaki et al [Hamasaki, 1980] showed that a Suydam stable RFP would have 
sufficient shear to stabilise the lower-hybrid instability. This instability 
appears unlikely to be the cause of the ion heating in the RFP.
4.2.4 The Alcator Mechanism.
Hirano et al [Hirano, 1985] suggested that the ion heating observed in 
the TPE-IRM RFP could be due to a mechanism proposed to explain the ion heating 
in Alcator [Oomens, 1976]. Coppi et al [Coppi, 1976] attributed this to a 
current driven instability at the ion plasma frequency with an instability 
criterion of ;
V d e > -4.23
which could be reduced by trapped particles. This criterion is even more
unlikely to be satisfied in the RFP than that for the ion cyclotron instability.
Fig.4.1(b). shows the ratio T./T as a function of v /v .The critical drift
t e  Hse
parameter for the excitation of the *’Alcator'’ mechanism is not exceeded for any 
of the plasmas considered in this thesis, which comprise the full range of 
conditions under which the machine was operated.
In fig.4.1(b) the ratio T^(0)/T^ (0) is plotted against the drift
parameter v /v on the axis of HBTXIB plasmas over a wide range of plasma
0 € . Aæ,
parameters. These values of v /v are all about 0.1 and T . (0)/T (0) is
die M-a -C e
independent of v /v .
de
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4.2.5 Adiabatic Compression.
Tamano [Tamano, 1986] proposed that the approximately linear increase
in ion temperature with magnetic field observed during the early phases of OHTE
plasmas [Tamano et al, 1985] could be explained by adiabatic compression. The
conservation of magnetic moment, u, of a charged particle in a magnetic field,
f m
B, given by;
m v ^  ,
results in a linear increase in the perpendicular temperature with increasing 
magnetic field. This mechanism would heat the ions and electrons equally 
effectively. It was suggested that anomalous electron energy losses would 
result in the compression preferentially heating the ions. The ion temperatures 
reported were measured from the Doppler broadening of CV line radiation at 
2271.oX and thus do not represent the deuteron temperature. The deuteron 
temperature on HBTXIA/B remains at the values as measured at the end of current 
rise throughout the sustainment period of the plasma and for times longer than 
the global energy confinement time or particle confinement time. Therefore, 
adiabatic compression is unlikely to be the cause of the ion heating during this 
period. It may however contribute to the heating during the current rise. 
Measured fluctuation levels are higher during the current rise so other effects, 
e.g. viscous heating, may be of greater importance at these times.
4.2.6 The Thermal Instability.
This theoretically proposed instability arises as a consequence of the 
electron temperature dependence of the classical plasma resistivity. A local 
increase in temperature would hypothetically result in a decrease in the
Chapter.4. Possible Ion Heating Mechanisms. Page.255.
resistivity, increase in the current density and Ohmic heating. This would
result in a further temperature increase and more current flowing in the hotter
region, leading to fine scale current filaments of hot, high current density
plasma. Early work suggested the instability would grow if T > 1.3T.[Haines,
e t
1983], saturating due to excitation of ion-acoustic turbulence which would 
produce hot ions by Landau damping [Vekshtein, 1970]. Later work [Whitfield, 
1987] suggests that the instability should be self stabilising due to the 
increase in T^ . The analysis used in this work uses classical or neoclassical 
thermal conductivities. Experimental values of the thermal conductivities would 
yield extremely low growth rates for the instability. The experimental evidence 
cited in support of this mechanism [Haines, 1983] is ambiguous.
4.2.7 Magnetohvdrodvnamic Reconnection.
It is possible that the magnetic energy released by the relaxation of 
a plasma during magnetic reconnection could heat or accelerate particles. 
Reconnection is the annihilation of magnetic flux of opposite sign at a 
"null-line" in a magnetic configuration. The simplest configuration studied 
numerically or experimentally is reconnection at the boundary between flux of 
opposite sign in a linear geometry. Resistive MHD calculations [Mattaeus, 1984] 
follow the motion of test particles in the calculated fields. Particles are 
accelerated at X-points and collect at 0-points, few particles are appreciably 
accelerated and electrons are accelerated more than ions. It is possible that 
the acceleration produces regions where the local electron drift velocity is 
sufficient to excite current driven instabilities [Stenzel, 1985] which could 
heat the ions as above. In a laboratory experiment to study reconnection 
[Gekelman, 1982] in an Ar plasma with an applied X-point configuration 80.0% of 
the magnetic energy was found to be dissipated by electron heating, this
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dominating over particle or fluid acceleration. Excitation of current driven 
instabilities and subsequent ion heating was observed. In this experiment the 
density and temperatures were very low, cross field gradient drifts and
longitudinal drift velocities due to the current exceeded the ion thermal
velocity and approached the electron thermal velocity. The conditions were very 
different to those in the RFP making direct comparison of little value.
4.2.8 Magnetic Fluctuations and the Tangled Discharge Model.
4.2.8.1 Tangled Discharge Model.
Rusbridge developed a model of the RFP plasma in which he attempted to 
explain plasma heating, confinement and reversal as a consequence of
reconnections between flux tubes of longitudinal correlation length and 
perpendicular correlation length L, [Rusbridge, 1969] [Rusbridge, 1977],
[Rusbridge, 1980], consequently known as the Tangled Discharge Model (TDM). The 
reconnections, perhaps resulting from the effect of resistive instabilities, 
lead to a field line, on average, filling the entire radius. The model can 
explain reversal if the current in a flux tube is assumed to be a consequence of 
the average voltage along a flux tube, rather than the local electric field. 
Also, the random exchange of current between flux tubes can be introduced. In 
the case where the current follows the field exactly the model reproduces the 
BFM field profiles, and, where the current is freely exchanged between field 
lines the FFPM fields are predicted. The ion heating is assumed to be due to 
viscous damping of the turbulent motion of the flux tubes. Energy balance 
equations are developed for the electrons, ions and turbulence. The energy 
input to the turbulence is assumed to heat the ions. There are several sources 
of the turbulent energy included. The adiabatic expansion of the electrons and 
ions as they diffuse out of the plasma results in work being done on the fluid.
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This energy is assumed to result in turbulence and ultimately to ion heating.
Additionally, the energy input associated with the observed anomalous resistance
is assumed to pass into the turbulence. This is modeled by considering that the
parallel current in the flux tube, J. has to be lost within a length L, this
" U
results in a perpendicular current, ^  which produces a JxB_ force on the plasma 
and drives the turbulence. In an attempt to include the suggestion by Pease 
(see below) that current intersecting the wall resulted in an anomalous loop 
voltage due to the obstruction of current flow above a critical current density, 
Rusbridge allows an arbitrary fraction of the energy input to be lost to the 
wall. This is in disagreement with the Pease model, as described below, which 
assumes that the energy associated with this anomalous resistance is deposited 
in the plasma. To account for the measured electron temperature profile the 
electron energy losses had to be assumed to be dominated by conduction along the 
field lines. The measured ion temperatures in Zeta could be explained using the 
model.
The model of the energy balance of the ions presented in chapter.3. 
of this thesis has been extended to include the possibility of ion heating 
resulting from the adiabatic expansion of plasma doing work on the turbulence 
which is then assumed to heat the ions by viscous damping [Lazaros, 1988]. When 
applied to HBTXIB conditions the calculated ion temperatures were greater than 
those measured if the expansion terms were included. It was found unnecessary 
to include these effects if the anomalous loop voltage due to the helicity loss 
at the plasma boundary was included in the simpler version of the model 
presented in chapter.3..
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4.2.8.2 The Pease Model.
A model proposed to explain the anomalous resistance and excess ion 
heating observed in Zeta and other RFP's [Pease,1986] has similarities with the 
ideas presented in the earlier chapters of this thesis. The field is assumed to 
be stochastic as in the Tangled Discharge Model. Currents randomly intersecting 
the wall would flow in and out of the liner and are limited to the ion 
saturation current. This situation is represented as a fraction of the current 
intersecting disc like obstructions. This current, forced to flow around the 
discs, does work on the plasma through JxB forces, resulting in the observed 
mass motion and consequent ion heating. Rough calculations based upon this 
model using measured parameters produce an excess resistance and ion heating 
rates close to those observed.
4.2.8.3 The Haas & Thvagaraga Model.
Thyagaraga et al [Thyagaraga, 1908] have developed a model of electron 
energy transport in the presence of field fluctuations and applied it to 
Tokamaks. To test the model in the collisional regime the model was applied in 
a zero dimensional form to results from Zeta and Eta-Beta II [Haas, 1980].
In this model it is assumed that ion energy conduction is classical, convective 
transport is neglected. Terms representing ion heating due to the fluctuations 
appear as result of the parallel momentum balance. With these assumptions 
results from Zeta and Eta-Beta II of the time dependence of the electron 
temperature can be reproduced computationally. Enhanced ion heating due to the 
flutter heating is observed. The paucity of the experimental data meant only 
the limited zero dimensional form of the model could be applied. The assumption 
of classical ion energy transport makes the observation of the flutter ion
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heating of limited value.
4.2.8.4 Directed Motion Mechanisms.
In several of the early toroidal pinches coherent fluid motion was 
observed, e.g. In Zeta [Butt, 1966], Alpha [Zladel, 1961], Sceptre [Hughes, 
1959] and Mark 4 [Hearn, 1962], and, recently In HBTXIB as presented above. In 
the Zeta device the Doppler broadening measurements were Interpreted as a 
thermal component and a component due to coherent fluid motion perpendicular to 
the magnetic field at frequencies below the Ion cyclotron frequency. The 
measurements were consistent with this model If the fluid motions were assumed 
to be partially thermallslng to a common temperature through collisions, the 
fluctuations thus provided Ion heating.
A possible mechanism to produce fluid fluctuations could be 
acceleration by JxB forces as In the Pease mechanism [Pease, 1986] or Hall 
acceleration. The Hall effect has been studied for a linear pinch [Haines, 
1965] with axial current, I , and pololdal field, B . An additional radial
f G
magnetic field was superimposed with a coll carrying a pololdal current. The
xB term In the Ohms law produces a J , and the J xB term In the momentum
r ^ e e r
equation produces an axial force accelerating the Ions In the ^ direction. This 
force was measured by measuring the electromagnetic stress tensor around the 
coll. Radial fields from field errors or fluctuations could produce such
acceleration.
It was proposed that the Ohmic heating of the deuterons could be 
enhanced by the presence of Impurities as an explanation of the Ion temperatures
measured In the early pinches [Ware, 1961], [Wesson, 1962]. The momentum and
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energy equations were derived from the Boltzmann equation using a Fokker-Planck 
collision operator. The drift velocities of the particle species and the 
heating due to Inter-partlcle collisions was calculated. The deuteron heating 
was found to be enhanced In the presence of Impurities. The enhanced heating is 
a result of the heating Into species 1 and j;
H i  +  H j  =  F i j ( v i  - V j ) -4.25
,where F^^Is the colllslonal friction between species 1 and j, being shared in 
the ratio;
Hi rrii
H i  +  H j  TTli + TT l j
-4.26
the lighter species thus receiving most heat. This model has been applied to 
calculate the direct Ohmic Ion heating and the deuteron drift velocity on axis 
In HBTXIB. ^ alculatlons are described In chapter.2. of this thesis. The
direct Ohmic heating of the Ions Is found to be negligible. The electron 
temperature Is held at the measured temperature, as was done by Ware and Wesson. 
The finite momentum and energy confinement time of the particles was Included in 
the treatment presented In chapter.2., whereas Ware and Wesson assumed perfect 
confinement except for that of the electron energy. An anomalous momentum loss 
(or source) Is required to reproduce the measured direction of CV Ion rotation 
In HBTXIB, this was also necessary In the earlier studies of Ware and Wesson.
4.2.8.5 Viscous Heating.
It has often been proposed that the Ion heating In the RFP could be 
due to the viscous damping of the fluid and field fluctuations thought a ls o  to 
be Involved In the sustainment of the field configuration. Using expressions  
for the viscosity of the plasma derived by Braglnskll [Braglnskll, 1965] an 
expression for the viscous Ion heating has been derived [Glmblett, 1987])
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[Hollweg; 1985] for an Ideal plasma. The ion heating is derived from the scalar 
product of the fluid velocity with the viscous term In the momentum balance 
equation;
j -4.27
where the viscous stress tensor is given by;
where the rate of strain tensor W Is given by;
\ Higher order terms resulting from the presence of the field are neglected as 
these are smaller by at least a factor of;
<  1.0 - 4.30
The zeroth viscosity coefficient for species j Is given by;
T]oj =  O M U j T j T j j
The electron viscosity coefficient Is smaller by a factor of;
V o c
-4.31
-4.32
7/oj- V rrii
Now, Braglnskll gives;
Thus;
-4.33
— - 7  I : V u-I.
Restricting the treatment to an Ideal plasma and using;
-4.34
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£+(t)A£) = 0 -4.35
H  ^ J B  -4.36
ri +  u.Vn-f nV-li =  0 -4.37
gives;
H i  -  3r?o.- In  ( ^ 2 / 3 ) ) -4.38
where; D d  -4.39
To proceed It was suggested by Glmblett to linearise eqn.4. by representing 
quantities as a sum of a mean and fluctuating part and retaining terms of lowest 
order, then to express In terms of Fourier harmonics characterised by n, m, and 
W ; the toroidal and pololdal mode numbers and the frequency and the equilibrium 
field profile. The rate of Ion heating could then be calculated from the 
measured mode spectrum In n,m and w [Brotherton-Ratcliffe, 1984], at least for 
Ideal modes. These developments are considered to be outside the scope of this 
work.
It Is possible to make order of magnitude estimates of the Ion heating 
due to the viscous damping of fluctuations. Eqn.4.38. may be expressed in terras 
of fluctuation amplitudes, velocities, and frequencies In a simple form, 
neglecting spatial dependencies. Two of the resulting terms give;
H, = 3n,r;er« +  Q )  ( % )  +  • • •) "4 40
where L = scale length, w = frequency.
The first term Is referred to by Braglnskll as gyrorelaxatlonal heating. 
Compression of the plasma results In an Increase of the perpendicular Ion energy
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due to conservation of the magnetic moment, a portion of this energy is then 
thermalised by collisions resulting in irreversible heating. The second 
expression represents the flow of plasma through a field perturbation resulting 
in a periodic compression and consequent gyrorelaxational heating.
The field fluctuation spectrum, as measured by Brotherton-Ratcliffe, 
is shown in fig.4.2. The typical fluctuation amplitude over the frequency range
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Fig.4.2. (a) The n onalised magnetic fluctuation power (Hz ) versus
frequency (Hz) for the toroidal, B, and poloidal, B , components
+ •
of the field from the sustainment period of HBTXIA plasmas.
(Huchinson,I .H .,1984]
5.0kHz to 250.0kHz is dB/B =0.01 with most of the power at the low frequencies.
19 -3
If one assumes dB/B = 0.01 at 25.0kHz, T. = 250.OeV, n = 3.0x10 m and V  =  210.OIG
t €> it
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Fig.4.2(b). Ensemble averaged amplitude of B /Ib I and B /Ib I as a function
• +
of pololdal angle during the sustainment phase in the f r ^ u e n c y  
band 5-250 kHz.
-3 , j
the first term gives a heating power of 1.9MWm , and, if one assumes v, - 1x10
- 1  - 3  T
ms and L = 0.25m, then the second term gives 0.12MWm . These estimates of the
viscous heating power are of the order of that required to account for the
-3
heating rate of, e.g. 12.OMWm on axis as shown in fig.3.5. These estimates do 
not take into account the geometrical dependence of the heating, or the 
spectrum of measured fluctuations, but do indicate that viscous heating due to 
damping of the fluctuations could possibly provide the required magnitude of ion 
heating.
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4.3 Conclusions and Summary.
It does not seem likely, from the available evidence, that the ion
heating observed in the RFP is a result of the interaction of the ions with any
of the particular instabilities considered explicitly, e.g. the ion cyclotron,
ion cyclotron drift, lower-hybrid drift, or the Alcator mechanism. Either the
instability threshold is not exceeded or the shear is sufficient to stabilise
the instability. The presence of any of these instabilities could possibly be
diagnosed by looking for fluctuations at the characteristic frequency of the
instability. These are approximately;
Ion cyclotron - w = lO.OMhz
ci
Ion cyclotron drift - w = lO.OMHz
ci
Lower-Hybrid drift - w = 600.0MHz
Ih
Alcator mechanism - v  = 4.0GHz
pi
It is interesting to note that the observed magnetic fluctuation spectrum, 
fig.4.2., in HBTXIA shows the fluctuation amplitude decreases with frequency 
from 5.0kHz to 250.0kHz with most of the power at the lower frequencies. 
Whether measurements at the higher frequencies, say l.OMHZ to lO.OGHz, would 
show strong peaks is not known.
Some of the mechanisms considered seem to be of little interest. 
Direct Ohmic heating into the ions has been shown to be negligible in ch.2. 
Available evidence shows that MHD reconnection to deposits most energy into the 
electrons. The thermal instability seems unlikely to be present in HBTXIB. 
Adiabatic compression would only to be effective during current rise.
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The high level of low frequency fluctuations does seem to be capable 
of providing an adequate level of ion heating due to viscous damping. This is 
consistent with the picture of the ion energy balance presented in ch.3., where 
the ion heating is assumed to be due to the excess energy input to the plasma, 
above Ohmic heating of the electrons, driving fluctuations which are damped by 
the ion viscosity. Further development of this model is required. The 
refinements to the expression for the viscous ion heating outlined above,
coupled with measurements of the fluctuation spectrum, could yield estimates of 
the ion heating rates for comparison with the energy balance calculations. It 
would be of great interest to have a theoretical estimate of the degree of 
locality of the dissipation of fluctuation energy into ion energy. Experimental 
measurements of the profiles of the ion temperature, density, etc would be very 
useful for comparison of the model calculations with experiment. Radial 
profiles of the impurity ion temperature and the mass and charge dependence of 
the impurity temperature would also be useful for distinguishing between ion 
heating models. Recent developments of the helicity balance model of the RFP 
have accounted for the resistance anomaly in terms of helicity balance and 
helicity loss at the imperfect flux surfaces at the plasma boundary. These
developments are somewhat analogous to the Pease model of the anomalous
resistance and ion heating and explain many of the anomalous features of the RFP 
plasma. The anomalous resistance resulting from the action of many of the
instabilities above is not required to explain the anomalous resistance in the 
RFP if these developments are valid.
It has been shown that viscous ion heating is the most promising 
candidate to explain the anomalous ion heating rates observed in the RFP. Other 
mechanisms seem unlikely on the basis that either their instability criterion
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are not fulfilled, they are stabilised by shear or that they lead to
insufficient preferential ion heating. The viscous ion heating fits in well
with the developments of the ion energy balance presented in the previous
j chapters and warrants further development.
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5 The Summary and Conclusions of the Thesis.
This thesis presents a study of the ion behaviour in the HBTXIB 
Reversed Field Pinch. The principle aim of this study is to determine, using 
primarily experimental methods, the mechanism governing the heating and 
confinement of the ions in the RFP plasma. Fairly standard diagnostic methods 
are used to determine the behaviour of the deuterium and the impurity ions, in 
particular the scaling of the deuterium ion temperature with the other plasma 
parameters. Whilst the principles of these methods were well established at the 
commencement of this study it is the combined application of these methods to
carefully optimised plasmas that has enabled meaningful conclusions to be
reached.
Having established the behaviour of the ions over a range of plasma 
conditions attempts are made to explain these results in terms of developing 
theories of the Reversed Field Pinch plasma. This is done by making a 
comparison between the experimental data and the results obtained from numerical
models based upon these theories. It is h o p e d b y  using this combination of
experiment, modeling and theory,that this thesis proves to be informative.
The conclusions presented here include an explanation of the 
experimental results presented which is based upon specific theoretical 
developments which were made simultaneously to this study. The results of other 
workers which were obtained previously or concurrently to this study are 
presented to determine whether they give credence to these conclusions. In view 
of the complex nature of these ideas which are the basis of this thesis they 
will be outlined again below and, as such, the following section forms a summary
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of the contents of chapter.1.
The RFP has been investigated as a possible means of confining a 
thermonuclear plasma, primarily for its properties of being able to confine a 
high total ^ and to be ignited by Ohmic heating alone,both recent possibilities 
in Ultra Low q Tokamaks. These properties would make the RFP the basis of a 
more efficient reactor than current designs based upon the Tokamak configuration 
and because of this have been used to justify its further study.
The high ^ and possibility of Ohmic heating to ignition in the RFP are 
a consequence of the high ratio of the toroidal current to the toroidal flux and 
are aided by the unique property of the RFP of the "self-reversal” of the 
toroidal field. The generation and sustainment of field reversal requires the 
action of a dynamic mechanism for which there are several proposed candidates.
Taylor's elegant model of field reversal in the RFP offers an 
explanation of field reversal as a consequence of the relaxation of the plasma 
to a state of minimum magnetic energy subject to the constraint imposed by the 
conservation of the total plasma helicity by the conducting boundary surrounding 
the plasma, the plasma helicity being the linkage of flux by flux. This model 
offers an explanation of reversal in terms of the energetics although it does 
not provide a mechanism of reversal. As such it provides a remarkable 
rationalisation of the field profiles observed in a wide range of RFP plasmas.
Taylor's model has been extended to offer an explanation of the 
sustainment of the reversed field configuration as a balance between the 
injection of the plasma helicity by the external circuit and its dissipation by
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the plasma resistance. The dynamic mechanism of field reversal is required as 
there is no inductively driven poloidal EMF to drive the poloidal current in a 
steady state RFP. This analysis is complicated by the fact that helicity is not 
a local quantity and therefore the plasma helicity will depend upon the 
arbitrary Coulomb gauge unless properly defined. This is the case if the plasma 
occupies multiply connected region or its boundary is not a flux surface and is 
surrounded by multi-valued potentials.
The helicity balance of the sustained RFP can be used to estimate the 
plasma resistivity as it has been shown that the helicity is not globally 
dissipated by fluctuations in the magnetic field and fluid velocity but only by 
Ohmic dissipation. These fluctuations, via the vxB term in the Ohm's Law for 
the plasma, are thought to act to enhance the apparent plasma resistance and to 
drive the poloidal current through a mean fluctuation driven EMF produced by the
rJ
average correlation of the fluid velocity and magnetic field fluctuations,<vxB>.
Attempts to use the magnetic energy balance to estimate the 
resistivity consistently overestimate the resistivity. This is thought to be 
due to the non-negligible power dissipated into the fluid fluctuations which are 
not accounted for in the analysis. The field profiles of the RFP are found 
experimentally to be departed from those predicted from Taylor's theory, the 
ideal Bessel's Function field profiles, the ratio of the magnitudes of the 
plasma current to the magnetic field falling in the outer regions of the plasma. 
This departure from the BFM fields is thought to be only possible if there is a 
finite loss of energy from the fluctuations, either by radial transport or by 
viscous dissipation. The flow of the dissipated magnetic energy into the 
fluctuations may, therefore, be a source of the power required for the high
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rates of ion heating observed in the RFP plasma. Experimentally, the ions are 
consistently found to be at a temperature far above that possible if they were 
heated only by collisions with the electrons, either directly or indirectly 
through impurity ions.
In the simple helicity balance it is assumed that the plasma boundary 
is a flux surface. In this case it has been found consistently difficult to 
account for the calculated plasma resistivity in terms of a reasonable 
determined spectroscopically or by analysis of the power radiated from the 
plasma. Concurrently to the work presented here experiments on the DC helicity 
injection into the sustained RFP using electrodes at the plasma edge led to 
developments of the helicity balance model for the RFP. A surface term 
representing the finite loss or injection of helicity from the plasma should be 
included in the helicity balance if the constraint that the boundary of the 
plasma is a flux surface and is «et an equipotential surface is relaxed.
When considering the sustained RFP^inclusion of helicity dissipation at the 
plasma edge enabled the plasma resistivity derived from the helicity balance to 
be reconciled with that calculated from a Spitzer resistivity using a Z ^in 
agreement with that derived spectroscopically or determined from the measured 
radiated power.
These theoretical developments were tested by controlled experiments 
where the edge helicity dissipation was increased by the insertion of a graphite 
tile into the edge plasma and observing the resulting increase in the loop 
voltage required to sustain the plasma current. The experimentally determined 
loop voltage could be explained by the helicity loss from the plasma induced by 
the tile.
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The magnetic energy balance is extended to the case where the boundary 
of the plasma is not a flux surface and there are multi-valued potentials. The 
loss of magnetic energy from the plasma edge is shown to be negligible for the 
modified BFM field and current profiles which are usually assumed in order to 
match the model fields to those measured at the plasma edge. The increase in 
the loop voltage necessary to sustain the plasma current against the increased 
helicity dissipation at the plasma edge results in there being more energy 
available to drive the fluctuations and, therefore, possibly to result in 
enhanced ion heating due to the damping of these fluctuations.
In the model of the ion energy balance presented later in this thesis 
the local ion heating power is assumed to be equal to the local total power 
input to the plasma minus that dissipated Ohmically into the electrons assuming 
that the resistivity is that calculated from the helicity balance including edge 
effects. This is a reasonable working assumption but one which does not take 
into account that transport of energy by the fluctuations of the field and fluid 
may occur prior to its dissipation into the ions.
At the commencement of this study a self consistent treatment of the 
ion and ion energy transport was not available. It was necessary to proceed by 
making reasonable assumptions about these processes and to ensure that the 
conclusions drawn were not sensitive to these assumptions. Any study of ion 
heating is linked to ion energy transport and thus in making more detailed 
models of the ion energy balance some statement on the ion energy transport had 
to be made. For this work the ion energy diffusion coefficient was assumed to
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be equal to the ion particle diffusion coefficient, this being more amenable to 
experimental and numerical determination. The particle diffusion coefficient 
derived was shown to be in agreement to that found experimentally.
Briefly, the effects of radiated energy losses and charge exchange 
energy losses are discussed. Radiation losses cool the electrons and,thus,are 
not important in the context of the ion energy balance. Only in the model 
presented in chapter.3. are these losses considered and then only on axis. The 
effect of these losses on the conclusions drawn is discussed. Generally the 
radiated power is found to be a small fraction (5.0 to 10.0%) of the total Ohmic 
power input. Charge exchange energy losses have been shown to represent less 
than 1.0% of the total Ohmic power and are thus ignored.
The "classical” ion heating resulting from the collisional 
equipartition of the ions with the electrons is introduced. Strictly 
inter-particle collisions result in energy transfer between all of the particle 
species, including the impurities. This is considered in chapter.2. and the 
resulting indirect heating of the deuterons is found to be negligible compared 
with that due to the electrons alone. A zero dimensional energy balance is used 
to show that the ion heating resulting from ion-electron collisions in the RFP 
is negligible compared to the ion heating rates observed experimentally as the 
ion-electron equipartition time is long with respect to the ion energy 
confinement time.
In chapter.2. the experimental investigations are described. The 
chapter begins with a discussion of the selection of the techniques a v a i l a b l e  
for measurement of the ion temperature. The initial goal of the study was to
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measure the ion temperature of the deuterons and the impurities. Any subsidiary 
information obtained, e.g. fluid velocities,has been a bonus. This additional 
information is interpreted where possible.
The techniques selected for making ion temperature measurements 
(passive detection of the neutral deuterium flux emitted from the plasma and the 
measurement of the Doppler broadening of the intrinsic impurity line emission at 
visible wavelengths) were selected with two criteria in mind. Firstly, the 
information obtained should be able to be interpreted as unambiguously as 
possible and, secondly, that the apparatus should not be too complex and costly 
to be beyond the available manpower and resources of a comparatively small 
machine as HBTXIB. Had more resources been available,active techniques (e.g. 
using neutral beams to facilitate spatial neutral particle and Doppler ion 
temperature measurements ^ would have been employed.
The investigations made with the neutral particle analyser (NPA) are
presented first. Briefly, the reasons for selecting a dispersive rather than a
time of flight system are outlined, the dispersive system being more versatile
and its results less prone to ambiguous interpretation. The analysis of the
energy distribution of the neutral atomic flux emitted by a magnetically
confined plasma is a well established technique for the measurement of the ion 
ÛA.
temperature fusion devices. The technique was, in fact, developed on the early 
Alpha device in the USSR which was a forerunner of the RFP device*. At that time
the interpretation of the results in terms of ion temperatures was not well
developed and since that time neutral particle analysis has not been used for 
diagnosis of RFP plasmas until the onset of this study.
I
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Briefly, the apparatus used in these investigations is described. The 
NPA is an Ioffe electrostatic analyser from the USSR and was implemented by the 
current author with a CAMAC data acquisition system and an integral Dodline 
emission monitor in order to measure the local deuterium influx. Analysis 
software was written to plot the neutral flux, energy spectrum and slope of the 
energy spectrum as a function of time.
There follows a discussion of the instrumentation developed and used 
to make Doppler broadening measurements at visible wavelengths on the deuterium 
and intrinsic impurity line emission. Some care has to be taken to select 
appropriate lines for making measurements of the ion temperature in the central 
regions of the plasma. The impurity ions are not in coronal equilibrium and are 
thus not ionised to as high ionisation states as they might if the confinement 
time of the RFP plasma was longer. CVI and OVII are the dominant impurity ion 
species in the core of the HBTXIB plasma but there is an appreciable
concentration of CV which emits a suitable line at 2271Â. The CV(2271Â) 
intensity is distributed throughout the plasma bulk and ,thus^is a useful line 
for making ion temperature and rotation measurements. Emission from the lower 
ionisation states and the neutral atoms occurs near the edge of the plasma and 
is therefore not of such great interest.
A multi-chord, high resolution, visible spectrometer was developed by 
the author for making spatially resolved measurements of the visible line
emission and hence ion temperatures and fluid rotation velocities. This 
instrument was not implemented successfully during this study, however, it is 
described in Appendix.3. for completeness. A simpler two chord, visible,
multi-channel spectrometer was developed and used to make the measurements
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presented here. It is described in some detail.
Chapter.2. now turns to the discussion of the results from the NPA 
and their interpretation. As the appropriate analytical techniques were 
developed for use on Tokamak plasmas, whose behaviour is quite different from 
that of RFP plasmas, the underlying physics of the diagnostic is discussed in 
depth to determine whether these techniques are applicable to RFP plasmas.
The factors governing the steady state neutral atom density profile 
and the emitted flux of neutral atoms are discussed and the AURORA Monte Carlo 
code used to model these processes is described. The assumptions made in this 
code are shown to be consistent with available experimental results and to be in 
agreement with typical RFP parameters. A detailed investigation of the neutral 
spectrum is carried out both experimentally and using numerical modelling. The 
usual assumption that the slope of the energy spectrum at energies of 5.0 to
10.0 times the central ion temperature is related to this temperature is 
confirmed. The curvature of the neutral energy spectrum at lower energies is 
seen to be due to radial profiles of the ion temperature and the neutral 
density. Thus, a comparison with the measured spectrum gives an estimate of the 
ion temperature profile. The neutral energy spectrum was found to be 
insensitive to the profile of density or electron temperature. At higher 
energies the energy spectrum is seen to be dominated by non-thermal neutrals the 
origin of which is not known. The resulting neutral density profile is found to 
be consistent with that measured under similar conditions using fluorescent 
scattering. The effects of ion-electron recombination and of reflection and 
scattering of energetic neutrals at the wall are found to be negligible. The 
presence of impurities is also shown to affect the NPA analysis negligibly.
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An independent measurement of the radial neutral deuterium energy 
distribution made using a fluorescent scattering technique is also found to be 
in agreement to that predicted by the Monte Carlo code when making a best fit to 
the measured neutral energy spectrum. This lends additional support to the 
validity of the inferred ion temperature profile.
As the electron temperatures available are usually axial values and 
because of the difficulties in obtaining the ion temperature profile from the 
NPA analysis, only axial values are routinely obtained. It is a routine 
operation to obtain axial values of the ion temperature from the energy spectrum 
of the neutral atoms. Some care is taken here to ensure that the slope of the 
energy spectrum is correctly related to the central ion temperature. A series 
of simulations is carried out to determine this dependence and its variation 
with the profiles of ion temperature, density, and electron temperature. It is 
found to depend only weakly on the central ion temperature, the ion temperature 
profile, and on the density profile and very weakly on the electron temperature 
profile. An algorithm is used to calculate the central ion temperature from the 
slope of the neutral energy spectrum taking into account these dependences. 
Thus, the central ion temperature could be obtained as a function of time or 
average values calculated.
With the method of analysis firmly established the results from HBTXIB 
plasmas from a range of plasma parameters are presented. Firstly, the central 
ion temperatures measured as a function of time during "standard* 200.OkA, 
centred plasmas,with the 156 limiter tiles in position, at 0 = 1.35 are
presented. The ion temperature is seen to be fairly constant with time during 
the sustained phase of the plasmas. During the early and late phases in the
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plasmas there is some difficulty with the interpretation due to the enhanced 
contribution from high energy, non-thermal neutrals. For the sustainment phase 
of the plasmas this is not a problem so axial values of the ion temperature can 
be obtained routinely and reliably.
Average values of the central ion temperature from the sustainment 
phase of these plasmas are obtained from a wide range of plasma currents (I,=
m ?
80.0 to 500.OkA) and line average electron densities ([n ] = 0.8 x 10 to 5.0 x 
19 -3 ^
10 m ) and the scaling of the central ion temperature, T^(0), and central
electron temperature,T^(0), obtained. The striking result is found that these
temperatures are approximately equal for all of these conditions for optimised
plasmas, both T.(0) and T (0) scaling approximately as I, [n ] . Never before
t  c. ?  ^
has such a clear result of this kind been obtained for the RFP.
It is shown later in the thesis that the ion temperatures to be 
expected from the collisional equipartition with the electrons are 0.01 to 0.1 
of those measured, if one assumes that the ion energy confinement time equals 
the global energy confinement time. In attempting to relate these results to 
the developing theories presented in chapter.1. results were obtained in 
conditions of higher than normal 0 of 1.7, with mobile limiters inserted into 
the edge plasma, with the 156 graphite limiters removed, and with no centring 
vertical field.
On increasing the 0 value from 1.35 to 1.7 ,V^increased from 30.0V to 
100.OV, and T^ (0)/T^ (0) increased from 1.0 to 1.3. Interpretation of these 
results is complicated by the plasma being helical at the higher 0 value. The 
results from these studies are discussed in the light of a power balance model
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presented in chapter.3., developed by the present author and coworkers.
There follows a presentation of results from a series of experiments 
carried out to remove helicity from the edge plasma of a series of centred
plasmas of 0 = 1.35, of constant 200.OkA plasma current, and with the 156
limiters in position. As is discussed in chapter.1. this is expected to
increase the loop voltage necessary to sustain the plasma current and also to
increase the energy passing into the fluid fluctuations from the external 
circuit. The helicity is removed by the insertion of a graphite limiter tile 
into the edge plasma.
The ratio T|(0)/T^(0) is seen to increase from 1.0 with the limiter 
tile removed to 2.0 with the tile inserted 6.0cm into the edge plasma. The loop 
voltage increases from 30.0V to 60.0V respectively. The resulting increase in 
from 2.5 to 3.5 is insufficient to account for the observed increase in the loop 
voltage.
These results were obtained with a pyrolytic graphite tile for which,
at later times in the discharges and at the greater tile insertion distances,
the enhancement of the impurity contamination was significant. This carbon
impurity may affect the plasma by increasing the radiated power, depleting the
ion density and increasing Z .
eff
For the conditions considered here^the CV ion density is shown to be 
proportional to the CV(227lS) line intensity. It is shown that at loop voltages 
of below 50.0V the CV(2271?) intensity is no more than 20.0% higher than with 
the tile withdrawn. The increase in T.(0)/T (0) with the tile insertion is
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found to be largely independent of CV line intensity at V^below 50.0V.
50.0V the increase in CV intensity is related to a decrease in T^(O) and T^(0)
remains largely unaltered. These results strongly suggest that the increase in
power input to the plasma associated with the tile insertion results in an
o
increase in T.(0)/T (0). No relation between T.(0)/T (0) and I(CV)/n is found, 
i c t & g,
indicating that ion depletion is not important. These results are related to 
the power balance model presented in chapter.3.
In an attempt to reduce the loop voltage necessary to sustain a given
plasma current by reducing the helicity dissipation at the plasma edge and,
consequently, to increase the energy confinement time, the 156 graphite limiter
tiles were removed from the vacuum vessel. Under these conditions with the
plasma centered and 0 = 1.35 the ratio T^(0)/T^(0) is seen to decrease from the
approximately constant value of 1.0 found with the limiters in position. At a
constant value of T (0) the loop voltage falls on removal of the limiters by
&
9.0V. An investigation in the scaling of T.(0) and T (0) with I and [n ] shows
i» e. e
that this change in T. (0)/T^(0) is attributable to a change in the scaling
behaviour of T (0). T (0) is found to increase on removal of the limiters at e e
the lower currents. Instead of T*(0)/T (0) being largely constant with I and [nj 
it is found to increase approximately linearly with these parameters, at least 
for [n ] 3.0x10 m , above which the ratio remains approximately constant at
C A
1.0. The behaviour with the limiters removed is difficult to account for in the 
light of the power balance model presented in chapter.3.
With the limiters removed, 0 = 1.35, I,= 200.OkA, the loop voltage
?
increases by 8.3V on removal of the centring vertical field. The ratio / T ^ o
> increases from approximately 0.5 to 1.0 on removing the centring field.
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This increase in V.is explicable in terms of the ideas presented in chapter.1., 
as is the increase in T^(0)/T^(0), as is explained in chapter.3.
Briefly, the temporal correlation between the neutral flux and the Dod 
line intensity is used to show that the steady state neutral density is 
determined by the average influx of neutrals from the wall, rather than the 
local influx.
The separate contributions to the p^from the ions and the electrons is 
determined, as is their scaling with plasma current. The total ^ was found to 
decrease from 2 0 . 0 %  at 100.OkA to 5.0% at 450.OkA with the limiters in position. 
The ion contribution to B was about 0.5 of that of the electrons over the range
h
of currents considered.
On removal of the limiters the scaling of the total fi with I , was
/ 9  t
largely unaltered. However, the separate contributions to B from the ions, 
and the electron,8 , are no longer . B falls from 12.0% at 100.OkA to 2.5%
/ee f a t
at 500.OkA whereas B is approximately constant at 2.0+/-1.0%.
1 9 i
The results of the Doppler measurements are presented with some 
interpretation. The limited range of suitable lines available in the visible 
region means than only results from Dp and CV(227lX) are presented. The results 
are interpreted in terms of ion temperature and fluid velocity by fitting single 
and double Gaussians to to the measured line profiles. Results are shown from 
the three poloidal ports; one central, and two at +/-15.0cm, and two tangential 
ports.
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The DB measurements yield an influx velocity of the deuterium at the 
I Ct- M* >% »o*t )
plasma edge of approximately 6.0eV^. This is the value used in the Monte Carlo
simulation of the neutral transport.
The measurements on CV(227lÂ) were taken mainly in centred plasmas
with the 156 limiters in position and 0 = 1.35 at I,= 200.OkA. The ion
t
temperatures and fluid rotation from the double and single Gaussian fits were 
obtained from the poloidal and tangential ports. The Gaussian of the greater 
width generally gave the highest rotation velocities.
The double Gaussian fit yielded ion temperatures of 115.0+/-10.OeV and
455.0+/-20.OeV and rotation velocities in the direction of the positive ion
3 - 1  3 - 1
current of 4.0+/-1.0 x 10 ms and 14.0+/-1.0 x 10 ms for the narrower and broader
components respectively. If the hotter ions are assumed to be nearer the centre 
than the cooler ions then it is a good approximation that the plasma rotates 
with a uniform toroidal velocity. The poloidal velocities measured were 3.0 to
4.0 times lower than measured toroidally. It was not possible to estimate the
CV ion temperature profile from the measurements made at the poloidal ports due 
to the shot to shot scatter of measured values.
The main conclusions drawn from the data are that the impurity ion 
temperature is higher than that of the deuterons. The results suggest that the 
heating power per particle is proportional to the particle mass. This is 
supported by calculations made of the inter-particle collisional energy exchange 
and is consistent with results previously obtained on Zeta. A consideration of 
the inter-particle collisional momentum exchange indicates that the CV ion fluid 
velocity should be similar to that of the deuterons. The observed rotational
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velocity of the CV ions is insufficient for the deuterons to acquire significant 
power from the circuit to account for the measured ion temperatures.
The radial electric field and the plasma potential are obtained from 
the radial momentum balance of the ions. This assumes that the deuterons rotate 
as a rigid body at the velocity of the CV ions. The plasma potential on axis is 
found to be 150.0+/-170.OeV, obviously more detailed experimental results are 
required to determine the plasma potential and radial electric field to a useful 
accuracy.
There follows a consideration of the collisional energy and momentum 
exchange between the particle species. The collisional energy exchange between 
the electrons and ions is found to be insufficient to account for the measured 
ion temperatures even if the indirect heating through the impurity ions is 
considered. This is the case even at extreme and unrealistically high 
concentrations of high Z impurities held at artificially high temperatures. 
These calculations also lend support to the hypothesis that the heating power 
per particle be proportional to the particle mass. Finally^no dependence of 
%' (0)/T (0) on the ratio of the ion-ion thermalisation time to the ion energy
e
confinement time is found. This indicates that the higher ion temperatures
lets IcH&tÿ: /o 6 c
inferred from the NPA are real and due to unthermalised high energy ions.
The observed direction and magnitude of the toroidal rotation of the 
CV ions may be reproduced from a consideration of the collisional m o m e n t u m  
balance of the particles only if the correct Z and the dynamo electric field 
(including the contribution due to the helicity loss at the plasma boundary) are 
included and an anomalous momentum loss from the electrons is assumed.
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With the limiters in position the mode rotation velocities of the
magnetic perturbations are measured to be about 5.0 times that of the CV ions
both toroidally and poloidally. Similar mode rotation velocities are observed 
both at normal, 0 = 1.35, and deep reversal, 0=1.7. In 5.0% of the deep
reversed plasmas a non-rotating m=l, n=5, mode at l.OkHz dominates the magnetic 
fluctuations. This mode has been attributed to an on axis ideal kink resistive 
wall mode. This mode is predicted to phase lock to the wall, possibly bringing
the plasma to rest. Although the CV rotation velocity was not measured under
these conditions it would be useful to do so in order to observe whether this 
mode locking activity does indeed occur.
In chapter.3. an attempt is made to relate the ideas developed in 
chapter.1. on the energy flow in the RFP plasma to the experimental results 
presented in chapter.2. An ion energy balance model is developed by the present 
author and coworkers in which simple assumptions are made for the ion heating 
rates and the diffusion of electron and ion energy and particles in order to 
make predictions of the ion temperature profile and the scaling of T^ (0)/T^ (0) 
with the plasma parameters. In this model no attempt is made to model the ion 
heating mechanism. At the time that the model was developed there was no
suitable model available for this process. An attempt is made in chapter.4. to
identify a likely mechanism for the anomalously high ion heating rates
observed in the RFP plasma. In this chapter the experimental results of other
workers are also reviewed.
In this model it is assumed that the local heating power into the ions 
is equal to the power input to the plasma minus the power dissipated into the
Z  r<* r*
electrons by Ohmic heating (E.J - i|J ). This power is associated with the vxB
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fluctuations which are thought to be involved in sustaining the field profile 
against resistive decay and helicity loss at the plasma boundary, and to result 
in the observed "anomalous" resistance. Although the fluid fluctuations may 
transport energy radially before the energy is dissipated into the ions this is
a reasonable working assumption. The ion heating is likely to be due to the
damping of these fluctuations but will not be totally efficient, all of the 
power remaining after Ohmic heating of the electrons may not heat the ions 
locally. The lack of experimental evidence for the correct profiles of ion and 
electron temperature and density, Z ,B ,J , etc, also limits the degree to which 
sophisticated models may be compared to experimental results. To make such a 
comparison all of these quantities should be more thoroughly diagnosed.
The ion energy losses are modeled by assuming that diffusion is the
dominant ion energy loss process and by equating the ion energy diffusion 
coefficient to the ion particle diffusion coefficient. The ion particle 
diffusion coefficient is obtained from the the ion particle balance equation 
assuming diffusive ion particle losses; the relative neutral density profile is 
obtained from a Monte Carlo model of neutral transport; and the resulting 
relative ion diffusion coefficient is normalised using a novel method. The 
electron energy losses are thought to be both diffusive and conductive. The 
measured electron temperature profile is flat in the central regions of the 
plasma and, therefore, it is assumed that the diffusive electron energy loss 
dominates the conductive energy loss near the axis. The Ohmic heating power 
into the electrons is known on axis, and thus the electron energy diffusion 
coefficient could be calculated on axis. Assuming that the electron energy and 
particle diffusion coefficients are equal and by appealing to ambipolarity the 
ion energy diffusion coefficient could thus be normalised. The ion temperature
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profile is then calculated from the ion energy balance equation. The resulting 
ion temperature profile is then compared with that found by making a best fit 
between Monte Carlo calculations of the neutral energy spectrum and that 
measured with the NPA. A good agreement is found only if the additional 
contribution to the loop voltage required to sustain the plasma current against 
helicity loss at the plasma edge is included in the model.
The model reproduces some of the scaling properties found in the data.
The ratio of the central ion to central electron temperature is seen to be
independent of the electron density on axis and to increase with the loss of 
helicity at the plasma boundary at a fixed plasma current. The helicity 
dissipation at the plasma boundary increases with 6, the amount of magnetic flux 
intercepting the wall and the edge electron temperature. To test the hypothesis 
that this edge loss of helicity requires that an additional toroidal voltage is 
necessary to sustain a fixed plasma current, a graphite tile is inserted into 
the plasma boundary. The toroidal voltage required to sustain a fixed plasma 
current is seen to increase in proportion to the magnetic flux intercepted by 
the tile. The resulting increase in the power input to the plasma above the 
Ohmic heating of the electrons is seen to result in an increase in T^ (0)/T^ (0)^  
both experimentally and in the model calculations. This result lends support to 
the hypothesis that the power input to the fluid fluctuations of the plasma 
heats the ions by some dissipative mechanism. When the effect of the radiated
power losses from the electrons and the ion depletion are considered these 
effects are found to only partially explain the observed increase in T_j(0)/T^(0) 
giving additional support to this hypothesis.
The predictions made using this model are also compared with
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experimental results obtained from plasmas with the 156 graphite limiters 
removed from the vacuum vessel. The behaviour of T^ (0)/T^ (0) with plasma 
parameters is found to be quite different than as found with the limiters In 
position,increasing linearly with I and [n ] rather than remaining constant with 
these parameters. This behaviour is quite at variance with the predictions made 
using this simple model. Experimental results indicate that the change In the 
scaling behaviour with the limiters removed is probably a result of an 
improvement in the confinement,or enhanced heating of, the electrons at lower 
plasma currents.
The model does^however^provide a remarkable rationalisation of some of 
the more striking features of the experimental data by making simple working 
assumptions.
The presence of the anomalous ion heating is established conclusively 
in chapter.2.. It is found that there is sufficient energy available to heat
the ions to the measured temperatures and that, by making simple assumptions 
about the ion confinement, jfetet these experimental scalings can be reproduced 
under a wide range of conditions as shown in chapter.3.. Therefore, it is the 
aim of chapter. 4. of this thesis to review the previous experimental 
measurements of the ion temperature in the RFP and other magnetically confined 
plasmas, the explanations put forward to explain these results and to review 
the various possible dynamical mechanisms which could lead to the observed ion 
heating.
It is found that there are few measurements of the ion temperature In 
RFP’s other than HBTXIB. These measurements usually confirm the re s u l ts
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presented in this study if account is taken of the limitations to the 
interpretation of the data. In some cases these results confirm the results 
presented here; e.g. the impurity ion temperature measurements made on Zeta. 
There is not always consensus that the ion heating observed is "anomalous"; the 
term is used here to mean that the temperatures observed are much higher than 
those that would result from collisional equipartition with the electrons and 
not that the ion temperature was necessarily higher than the electron 
temperature. This is of course a clear indication that the ion heating 
mechanism is not due to collisional equipartition with the electrons.
Most of the ion heating mechanisms reviewed are either classifiable 
into those whose criteria for excitation are not exceeded, which are stabilised 
by shear in the magnetic field, or which have a limited or negligible effect. 
The most likely mechanism of the ion heating in the RFP is the viscous damping 
of the high level of the fluctuations observed in the plasma parameters. An 
estimate of the ion heating rate resulting from the typical levels of the 
fluctuations observed is of the order of that required to account for the ion 
heating rates determined experimentally.
Both the simple ion energy balance model and the calculations of the 
viscous heating require further theoretical development and comparison with more 
complete experimental data if a more sophisticated description of the ion 
behaviour is to be obtained.
Experimentally, there are many developments that would lead to further 
understanding of the ion behaviour. More detailed information of the profiles 
of the plasma parameters is required; the ion and electron temperature and
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density profiles are only known approximately,at best,and the current and field 
profiles are also only known by inference from parameters measured at the edge 
of the plasma. In order to measure the ion temperature profile there are two 
complementary approaches that could be taken. The NPA could be scanned radially 
(if there were adequate access) and the results interpreted using the Monte 
Carlo code which has the facility for off axis modeling of the neutral energy 
spectrum. Also^ the multi-chord visible spectrometer described in appendix.3. 
could be developed to measure the radial CV ion temperature and possibly the ion 
temperature profiles of other ion states. It would be of interest to determine 
the scaling of the ion temperature with the charge state and the mass of the ion 
species. To do this the Doppler broadening measurements should be extended into 
the VUV region using appropriate instrumentation. In this region there are many 
^ suitable for making these measurements than in the visible region.
Theoretically, the ion energy balance model could be extended to more 
fully model the energy transport and the ion heating term needs to be more 
succinctly described. Various possible developments of the^viscous ion heating 
are outlined in chapter.4.
It is hoped that some new understanding should result from this study 
which represents the most complete of its kind available at the time of writing.
[References to items mentioned in chapter.5., the Summary and Conclusions of the 
thesis, are to be found in the relevant chapters.]
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6. Appendices;
6 .1  T h e  R a te  o f  C hange o f  H elicity;
In this appendix an expression is derived for the rate of change of the plasma 
helicity, A'p, for a plasma confined within a conducting toroidal shell with poloidal 
and toroidal gaps.
The total helicity of the system is given by;
K =  [  A.Bdv (1)
J  as
as =  all space
The helicity of the plasma is given by;
A'p =  Ao - (2)
^ =  toroidal flux 
$ =  poloidal flux
and the rate of change of the plasma helicity is given by;
Ap =  Ao (3)
which gives;
Ap =  Ko +  (4)
Vff =  poloidal loop voltage 
=  toroidal loop voltage 
The rate of change of the total helicity is given by;
Ao =  I À.Bdv +  / A R d v  (5)
Jas Jas
Using;
B =  V h A  (6)
and;
i  +  V X  +  £  =  0 (7)
gives;
A o =  /  -  ( V % +  £ )  .Bdn -  /  A ( V  A  £ ) d r  (8)
Jas ''as
which on using the identity;
V . ( 4 a £ )  =  £ . ( V a 4 ) - 4 . ( V a B) (9)
becomes;
A'o =  - 2  /  E . B d v -  f V '/ . .B d v+  f V . { A A E ) d v  (10)
Jas Jas ''as
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and using the identity;
=  ; : V . B 4 - B V X  ( 1 1 )
and Stokes theorem we get;
Âo =  - 2  /  E . B d v -  [  y:B.ds-\- [  ( A ^ E ) . d s  (12)
J a s  J a s  J a s
The last term in equation a l .l2  is given by;
Cr
A r  A g  A(f, 
E r  E b  E(f,
(13)(A A E )  .ds =  
which gives;
{ A t \ E ) . d s  = { A bE^ — A^Eb) (14)
so the last integral in equation a l .l2  becomes;
[  { A A E ) . d s =  [  { ABE^-A^EB)ds  (15)
J C3 J ca
If it is assumed that the electric fields and vector potentials are constant s on toroidal 
surfaces then;
[  (A bE^ -  A^EB)ds =  -  ^ V b (16)
J cs
The relation a l .l5  with a l . l2  and a l.3  give the rate of change of helicity in the 
plasma as;
Ap =  - 2  [  E .Bdv -  [  %B.ds  (IT)
J pi J cs
pi =  integral over the plasma volume
cs ^integral over the surface bounding the plasma volume
The first term represents the increase in the helicity due to the rate of change of
the poloidal flux, the second term the dissipation of helicity within the plasma and 
the final term the loss of helicity from the plasma at the plasma boundary.
^  /  ^ - (V  A E)dv -  —  /  A .(V  A (v : ;))dv (3)
at poJr  Po Jt
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6 .2  T h e  R a te  o f  C han ge o f  M a g n etic  Energy;
In this appendix an expression is derived for the rate of change of magnetic energy
within a volume labled T. The magnetic energy within the volume T is given by;
The time derivative of which is given as;
On using V .B  =  0 and A =  —E — V).^this gives;
=  —  / V A ^ )dv-
the second term of which is zero. The first term may be written using a vector 
identity and Stokes theorem as;
^  =  -  / (£ A B)-ds -  f  E.Jdv (4)
di p o  J t  J t
This expression represents the rate of change of magnetic energy within the volurpe
T. The first term is the flux of electromagnetic energy through the boundary of^T
and the second term the dissipation of electromagnetic energy within the volume
due to the work done on the plasma particles by electric fields.
We can also derive an expression which is of use in calculating the energy flow
when an object is inserted into the edge plasma, as in the case of the paddle limiter
experiments or in the case currents flowing through the vessel wall.
With reference to fig a2.1, suppose the volume T is divided into two volumes A and 
B. The magnetic energy balance equation may then be written as;
= i -  / (£ A B).ds -  f E.Jdv -  f E.Jdv (5 )
If the volume^B has a voltage % across it this may be written as;
^  =  —  /(£ A B).ds - f  E.Jdv -  [  v: :.J.dv (6)
dt p o  J  J a  J b
By recourse to a vector identity, Stokes theorem and charge conservation this gives;
^  =  -  f ( E ^  B ) . d s  -  [  E . J d v  -  j ' a . d s  -  f  ^ g d v  (7)
d t  p Q  J t  J a  J a  J b
g =  Charge density [Cm~^\
The third term in this equation represents the energ;  ^ flow from^A to^B due to
the currents flowing across potential differences b^tween^  A and B. The fourth term 
represents the work done by the current flow into^A if there is a net accumulation 
of charge in Â7"this term being zero in a steady state.
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U
Vj = Va + Vb
Fig.a2.1. A toroidal volume, V , divided into two regions V and V such
T A B
that V = V + V .
T A B
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6.3 The HIDRA Spectrometer.
6.3.1 Introduction.
This appendix describes a spectrometer which was developed by the 
author for^spatially resolved measurements of the Doppler broadening of the line 
emission from the HBTXIB RFP plasmas. (The acronym HIDRA refers to the name 
High Resolution Device for Radial Applications.) Doppler broadening of the line 
emission from the plasma over the wavelength range 2200& to 7000X is a 
convenient method for the measurement of the velocity distribution of the plasma
ions as the light may be transmitted through quartz optics and air, thus
eliminating the requirement for vacuum spectrometers. A multi-chord system 
should enable Abel inversion of the chord integrated line profiles to be carried 
out to obtain radially resolved line profiles. These could be interpreted to 
give radial profiles of impurity ion or neutral atom temperature and rotation 
velocities. It would be necessary to assume some symmetry^for this analysis to 
be performed.
6.3.2 Description.
A schematic diagram of the device is shown in fig.a3.1. Quartz lenses
image light from the plasma, passing through the quartz windows, onto the ends
of fibre optics. These relay the light to a 0.3m Czerny-Turner spectrometer 
which selects a band of wavelengths and are then imaged onto the ends of output 
fibres. The system is designed to accept light from 9 equally spaced poloidal 
chords and one toroidal chord. The predisperser output fibres relay the light 
of selected bandwidth to 10 slits mounted at the image plane of a Im 
Czerny-Turner spectrometer. This spectrometer is fitted with an echelle grating 
of 316.01mm in a specially designed mount which enables the echelle to be fitted
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Fig.a3.1. A schematic diagram of the HIDRA Spectrometer.
into the spectrometer without modification. The echelle operates at high order,
thus having large dispersion. The predisperser selects a bandwidth of less than
the echelle free spectral range, thus eliminating overlapping orders. The
ek*»*.
dispersed light is imaged onto ajj\P.B^. scintillator deposited onto a quartz 
optical flat and the scintillated image is demagnified by a pair of high quality 
camera lenses and imaged onto the face of the image intensifier of an optical 
multi-channel analyser (O.M.A.). The control and data acquisition of the O.M.A. 
is carried out with a DEC PDP-11/20 computer.
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6.3.2.1 The Collection Optics.
Poloidal chords are viewed through re-entrant quartz view-ports. The 
light is imaged with a 40.0mm diameter 50.0mm focal length quartz lens onto the 
j ends of three fibres per poloidal port. The fibres are held in machined holes
such that nine equally spaced poloidal chords are viewed, i.e the chords have 
equal incremental tangency radii to circular surfaces centred on the vacuum 
vessel centre. The lenses and fibres are held in a mount which fits into the 
re-entrant ports. The lenses are preceded with iris diaphragms for adjustment 
of the etendu. One complete mount is shown in fig.a3.2. The toroidal chord 
views through a "top-hat** quartz window fitted to the tangential stub ports.
: The light is imaged onto the fibre with a 25.0mm diameter, 25.0mm focal length
lens, and the fibre and lens are held in a mount attached to the port.
6.3.2.2 The Fibre Optics.
The optical fibres used are the 1.0mm diameter Quartz et Silice 
QSF-W-1000 fibres. The fibre ends are cleaved and then polished to achieve the 
required optical flatness and perpendicularity to the fibre axis. The 
attenuation of this type of fibre optic was measured by the author [Field, 1987] 
and is typically 3.8+/-1.0 dBm at 227lX, the shortest wavelength at which 
measurements are intended to be made (from CV(227lX). This attenuation is just 
adequate for this application, where about 1.0m to 2.0m of fibre is used. It is 
appreciated that this level of attenuation may result in unacceptably low signal 
levels, and that the dependence of attenuation with wavelength should also be 
taken account of when analysing line profiles.
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Fig.a3.2. The Input Optics of the HIDRA Spectrometer.
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6.3.2.3 The Predisperser.
The predisperser is necessary to select a range of wavelengths to be
presented to the echelle grating as the echelle grating has a small free
spectral range. It is also necessary to select only the singlet CV(2270.9ll),
3 1 3 2
(ls2s( s )-ls2p( p )) line from the triplet CV(2277.28%, 2277.95%, 2270.91%),
3 1 3 2
(ls2s( s )-ls2p( p )) as the images from the 10 input slits on the Echelle
Spectrometer would otherwise overlap. The fibres are arranged normal to the
dispersive plane of the spectrometer, the input and output fibres defining the
transmitted bandwidth. The spectrometer (shown in fig.a3.3.) is a Bentham M300
Monospek [Bentham], with a stepping motor control, which can be controlled
remotely via an IEEE interface. The spectrometer was of 0.3m focal length and
f6.0 with a 50.0ramx50.0mm grating of various ruling densities (2400.0, 1200.0 
-1
and 300.01mm ), selected for the appropriate bandwidth and dispersion, as listed 
below. The gratings were all MgFl^coated for adequate reflectivity at the
.  t* It b o J b
2271.OA wavelength. The cross-talk^was found experimentally,to be adequate as 
is shown below. It was necessary to use a grating spectrometer for the 
predisperser as the short wavelength lines, e.g. 2271.OA, could not be mecenmmi 
with interference filters which would be a more convenient device for the 
preselection stage. The predisperser has fairly high losses as the fibres are 
f3.0 and the spectrometer f6.0.
The Echelle spectrometer was a modified Hilger DU500 Monospek, a 1.0m 
Czerny-Turner normally fitted with a llO.OmmxllO.Omm standard grating. The 
input and output slits were replaced and the grating directly substituted for a 
110ramx220mm Echelle grating. An overview of the complete HIDRA is shown in 
fig.a3.4.
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Fig.a3.4. An overview of the complete HIDRA Spectrometer.
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m
Fig.a3.3. The pre-disperser Monochromator of the HIDRA Spectrometer.
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6.3.2.4. The Echelle Spectrometer.
6.3.2.4.1 The Input Slits.
The standard input slit of the spectrometer is replaced with multiple 
input slits cut into a tungsten foil and mounted between plates for rigidity. 
The fibres were directly mounted before the slits and the slits could be 
adjusted axially for focusing to a precision of 0.1mm with a set of shims. The 
Input slits are shown in fig.a3.5. The slits were cut by spark erosion of a 
tungsten foil lOO.Ojim thick and were 5.0mm high and separated by 2.75mm. There 
were four sets of interchangeable slits, with widths of 50.0, 100.0, 200.0 and 
400.O^m to allow for the selection of slit width, to enable a trade off to be 
made between resolution and etendu.
6.3.2.4.2 The Echelle.
The echelle grating was a Bauch and Lomb, type 35-13-25-451 echelle,
of blank size 110.0mmx220.0mm blazed at 63^26* and with^316.Olmra . The weight
and size of the echelle meant that a special mount was designed to enable it to
be directly substituted into the spectrometer without modification. This mount
is shown in fig.a3.6. The kinematic mount on the grating mount provides spatial
location and the weight is carried by three sprung balls riding on a ground
tool-steel plate. A second kinematic mount enables this plate to be adjusted so
its surface is normal to the gratings rotational axis. The angle of the echelle
o
face to the plane of the back surface of the mount is 13 , to enable the motor 
drive to reach the high incident angle necessary to access the entire free 
spectral range of the echelle down to 7000.0%. The full free spectral range of 
the echelle can be accessed at all wavelengths with insignificant vignetting of 
the imaging mirrors at the innermost slits. The dispersion of the echelle is 
large as it operates at high order. This reduces the free spectral range of the
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Flg.aS.S. The array of Input fibres and slits to the Echelle Spectrometer 
of the HIDRA Spectrometer.
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Fig.a3.6. The Echelle Grating In a custom mount made to enable the Echelle to 
be Installed Into the Hilger Im Czerny-Turner Monochromator without 
modification.
i{
il:
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grating, thus, a predisperser is required for elimination of overlapping orders. 
For the selection of the echelle and assessment of the approximate performance 
of the grating, the equations for the dispersion, free spectral range, 
resolution, etc, with the grating used in a Littrow configuration are used. The
rr linear dispersion, LD, is given by;
I B  =  [mmA-] .,3.1
LIA]
where 0 is the blaze angle, L the wavelength, and f the focal length. The free
spectral range FSR is given by;
X 1 0 -  [A] - a s . 2
2 sin #
where G is the grating constant, the number of lines per unit length ruled on
the grating. The diffraction limit to the resolution, R, imposed by the echelle 
is given by;
2iy[mL]Ln^
where W is the echelle width. This is essentially due to the width of the
diffraction pattern of the grating if it is considered as a single slit 
multiplied by the inverse dispersion. The expected performance of the device is 
assessed below using these expressions.
In the Czerny-Turner configuration the grating equation and the
dispersion equation are modified to take account of the angle between the 
incident and reflected wavefronts. The grating equation is given as;
where m is the order, B is the angle the of the normal to the grating face to
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the axis of the spectrometer, and C is the angle between line joining the centre
of the imaging mirror to the centre of the grating and the axis of the
0
spectrometer. In this arrangement C was 9.2 . In order to set up the echelle 
at the required angle for a given wavelength the order of operation is 
calculated from eq.a3.4. with the angle B at the blaze angle. The correct 
angle nearest to the blaze is then calculated from eq.a3.4. using the nearest 
Integer value of the order.
The linear dispersion, LD, of the echelle in the Czerny-Turner mount 
is given by;
L D  =  (cot B  +  tanC)~^ -a3.5
L W
This formula should be used when calculating the dispersion for calculating the 
ion temperature from the Doppler broadened line profile, it can be used to take 
account of the effect of the off axis slit positions on the dispersion.
The echelle was coated with MgFl^ for adequate reflectivity at the 
shorter wavelengths.
6.3.2.4.3 The Scintillator.
In order to facilitate the use of high quality commercial camera
lenses for reduction optics the near ultra-violet light is converted to visible
light at approximately 4000.OÂ using a T.P.B. scintillator [Burton, 1973].
This is evaporated onto a 25.0mm diameter quartz optical flat at a range of area
-2
densities of 0.5, 1.0, 2.0 gmcm . This enables a selection to be made as a
trade-off between resolution and efficiency as the spatial resolution decreases 
and the quantum efficiency increases with increasing coating thickness. The
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quantum efficiency is shown relative to that of sodium sallcillate in fig.a3.7. 
[Burton, 1973], the absolute efficiency of which is about 0.6 to 0.9 at 2537.oX,
30>s
o
c
Ü
1 0 m g  c m '
0 - 5  m g  cm '
E  20
- 0  2 m g  c m - 'o
0)cr
1001 2000 3000
W avelength (Â)
Fig.a3.7. The quantum efficiency of TPB scintillator relative to Sodium 
Salicillate for various coating surface densities.
[Sampson, 1967]. The modulation transfer function is shown in fig.a3.8. and is
-2 -2
shown to be 0.8 at O.Smgcm, 0.65 at l.Omgcm and 0.3 at 2.0ragcm at a line
separation of 50um, the magnified O.M.A. pixel separation at the scintillator. 
The l.Omgcm surface density provides the best compromise between spatial 
resolution and efficiency for this application. For applications where the 
scintillator is unnecessary, at wavelengths below 4000.oX, the scintillator can 
be replaced with an plain uncoated quartz optical flat. This preserves the 
focusing of the lenses, thus facilitating interchange of the optical components.
6.3.2.4.4 The Reduction Optics.
The use of the scintillator enables high quality commercial camera 
lenses to be used to reduce the images onto the OMA detector. The camera lenses 
provide a flat corrected focal plane over a diameter of 35.0mm corrected for all 
visible wavelengths. The lenses used are Cannon 100.0mm focal length, fl.8 and
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Flg.a3.9. The reduction optics of the HIDRA Spectrometer mounted In a custom 
bolder with the subsidiary function of a light shield.
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Fig.a3.8. TTie .odulation transfer function of the TPB scintillator for various 
coating surface densities.
50mm focal length, fl.2. used front to front giving a 2:1 demagnification. 
This images the 28.0mm overall slit separation down to 14.0mm adequately fitting 
into the 18.0mm width of the 750 active OMA channels. The fl.2 lens is able to 
capture all the light from the fl.8 lens from the outermost slits, thus reducing 
the effect of vignetting. The reduction optics and its light tight mount and 
housing is shown in fig.a3.9.
6.3.2.5.The Optical Multi-Channel Analyser.
The Optical Multi-channel Analyser (OMA) is a(PARCjOMA [Carolan, 1985] 
controlled by a DEC PDP-11/20 computer. It has a linear 1024 channel photo 
diode detector of pixel size 2.5mm by 25.0|im separation, 750 of the channels are 
intensified with a micro-channel intensifier which may be gated to achieve 
greater time resolution. The incident light produces charge in proportion to 
its intensity which integrates up between pixel read-outs. The charge on each 
pixel may be digitised in l.éjus, the whole array read out in 16.0ms or the
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pixels read out in groups, unaccessed pixels are dumped in 0.3|is. The fastest 
time resolution possible thus being 3.0ms for reading out one pixel group. To 
increase the time resolution the intensifier may be gated, the intensifier 
switched on when a -200.0V pulse is applied. The array must be read out after 
gating therefore, the minimum time between repeated scans is still limited to 
16.0ms for the whole array or 3.0ms for one group. The maximum time resolution 
is 1.0ns. .
The quantum efficiency of the OMA is required to calculate the 
expected efficiency of the HIDRA system. The values of the quantum efficiency 
of the OMA are quoted below and were measured using a calibrated tungsten ribbon 
lamp of known brightness temperature at a specific wavelength. A calibration 
curve relating the brightness temperature to the absolute temperature over a 
range of wavelengths was used to relate this to the absolute intensity. This 
work was carried out as a part of the charge exchange spectroscopy carried out 
on the ASDEX Tokamak [Carolan, 1987] by the author and coworkers.
L[Â] ')Count  ^ 1
6070 212 !
5292 78
4686 46
4342 45
3435 476
2976 670
63.3.The Predicted Performance of the System.
In order to design the instrument an approximate calculation of the 
performance of the elements of the spectrometer is required. Here the 
performance will be assessed at two wavelengths CV(227lÂ) and Dc((6563Â). The
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full width at half maximum intensity of a Doppler broadened line from a species 
with a Maxwellian energy distribution at temperature T.is;
^ 4 — = 7.7 X  10"® - a 3 . 6
1/2
L  \A[a7nu]y
and naively the ion temperature is assumed to be 100.OeV for the design 
calculations for the CV ions and the deuterons .
I'
All of these calculations will use the simple Littrow configuration 
expressions for the dispersion, resolution, etc.
6.3.3.1 CVC2271Â)
At 100.OeV ion temperature the CV(2271.oX) line would have a half 
width of 0.5&, the dispersion of the echelle at this wavelength is 1.76mmÂ or
0.0284Âpix giving 18 pixels in the half width. The resolution is 0.0014Â or
0.05 times the pixel size so the echelle does not limit the resolution. The FSR 
is 91. i X  and the useful FSR between slits is 1.56X or 3 hn 1 f nrfa^ tfas, overlap of
%an!o<iS.
the successive spectra is therefore^not a^problem. The narrowest slit width of 
50.0|im corresponds to one pixel width at 2:1 reduction, corresponding to
0.0284%. The intensifier phosphor smears the image over approximately 3 pixels. 
Therefore, at the narrowest slit width the slit width does not limit the 
resolution. The use of wider slit widths sacrifice resolution for étendu.
-1
The predisperser, with a 12001mm grating, has an inverse dispersion of
27 .0  X m m , therefore,a 0.6 mm fibre will accept approximately a 16.o X  bandwidth, 
therefore,it is possible to have the CV(227 lX)  singlet line in the fibre centre 
and to reject the CV(2278X) doublet line; this avoids the problem of the overlap 
of images of successive chords. The fibre will accept 32 half widths.
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therefore, it is unlikely that the circular fibre aperture will affect the line 
profile significantly.
An estimate of the efficiency of the spectrometer is made below making 
the assumption that the alignment, reflectivity and transmission of the 
unspecified optical elements is perfect. This is a reasonable assumption as the 
transmission of the specified elements are the dominant factors in determining 
the overall efficiency of the system. Details of these, calculations are not 
presented for brevity. The expected performance of the system in various 
configurations is calculated from the intensities of the signals observed with 
the simpler version of the device, as is described in ch.2.
HIDRA etendu =  1.41 x 10“ '[?n^5r]
SIMPLE étendu =  6.28 x 10”’ f777^ 5rl
HIDRA efficiency (227lA) =  4.5 x 10"? [Counts 7 " ]^ 
SIMPLE efficiency (227lA) =  2.8 x 10"® [Counts 7 ” ]^ 
HIDRA efficiency (6563A) =  5.3 x 10"^ [Counts 7 " ]^ 
SIMPLE efficiency (6563A) =  5.3 x lO"® [Counts 7 - 1]
An estimate of the brightness of the CV(227lX) line can be made from 
the results presented in ch.2. using the values for the etendu and efficiency 
of the simple version^above.
Brightness of C V (2 2 7 ll)  =  1.0 x
An estimate of the number of counts detected under these conditions
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with the 100.0 jim slits installed in the device gives a total number of counts 
of 90, or 5 per pixel, integrated over the entire plasma duration. This is 
considered to be inadequate for any useful measurements to be made.
^.3.3.2 Hof6563%)
Although the Hot6563Â)(DoO line profile would be dominated by the
cool, approximately 6.OeV, component from the plasma edge, the device could
possibly be used to determine the temperature of the neutral deuterium across
the plasma radius. This application would be of doubtful viability as the
likelihood of the Do^emission being suitably symmetrical to enable the radial
profile to be Abel inverted is small. This example will be quoted to assess the
performance of the device at this wavelength range. The full width at half
maximum intensity of the line profile from DoK6563X) at 100.OeV would be 5.0Â,
the dispersion of the echelle is 0.6mmX, therefore,there would be severe overlap
of the spectra (even at 10.OeV this would still be a problem). The echelle
grating and the predisperser are, therefore, unnecessary for this wavelength
- 1
range. If the echelle is replaced with a 12001mm grating, and the predisperser
— 1
removed, the device can function adequately. The dispersion of a 1200.01mm 
grating at 6563.oX is 0.127 m m X  \ 7 . 8 7 X m m  ), giving 0.635mm per Doppler half 
width, covering 13 pixels. No scintillator would be necessary at this 
wavelength. Overlap of successive spectra would not be a problem as the slits 
are separated by 5.0 .
The echelle grating is of greatest use at the short wavelengths as the 
linear dispersion increases in inverse proportion to the wavelength, the 
broadening increases in proportion to the wavelength^therefore, the spectral 
width^assuming constant ion mass and temperature^iS^ independent of wavelength
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rather than proportional to the wavelength as with an ordinary grating. This 
property is a consequence of the order of the spectra increasing inversely with 
the wavelength.
The efficiency of the device, as specified above with a 1200.01mm 
grating, no predisperser, and the scintillator replaced with an uncoated glass 
flat is quoted above. No estimate of the expected number of counts is made but 
it is likely to be adequate due to the increase in efficiency by a factor of 100 
due to removal of the scintillator and the predisperser and the fact that the Ho6 
line is observed to be very bright compared with the CV(227lX) line [Manley, 
1986]. It is concluded that the device may very well operate satisfactorily in 
this mode, results have been obtained with a version of the device similar to 
that described but without the reducing optics at D^(486lX) and are reported in 
ch. 2.
6.3.4. The Results of Trials.
The instrument was set up in the full implementation necessary to 
obtain the CV(227lX) radially resolved line profiles. Fig.a3.10(a,b) show 
instrument functions obtained from the device using a Hg(2536Â) line, of 
negligible line width, from a calibration lamp. Fig.a3.10(a). shows the 
composite instrument function obtained on illuminating all of the 10 input slits 
directly, the vignetting of the outer images is not severe and would not prevent 
the successful use of the device. Fig.a3(b). shows a single instrument 
function obtained with the lamp in front of the collection optics of one 
channel. Note that the predisperser induces negligible cross-talk between the 
channels.
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Fig.a3.10. The instrumental function of the HIDRA spectrometer obtained 
using a the Hg(253éX) line from a calibration lamp;(a) 
illuminating all 10 slits directly and (b) illuminating the 
input optics thus passing through the entire system (note 
the insignificant cross-talk between the channels introduced 
by the pre-disperser).
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The instrument functions shown were obtained with the 50.0|im slits,
the FWHM of the profiles correspond to 5 pixel widths approaching the minimum 
achievable of 3 pixel widths. This instrumental width corresponds to 0.14^ at 
2271.oX or 0.3 of the FWHM of the line profile from CV(2271.oX) at 100.OeV and 
is therefore adequate for this application.
The device was installed onto HBTXIB but was not used successfully, 
the simpler version described in ch.2. was implemented successfully and the 
brightness of the CV(2271.oX) line estimated from these results, These results 
are used above to show that the efficiency of the device was insufficient to
result in a measurable signal. Improvements which could be made to the device
are outlined below.
6.3.5. A Suggested Method for Analysis of the Data.
This is not the place for a detailed description of the procedure
necessary to analyse the data from the HIDRA as, as yet, no multi-chord data has 
been obtained from the device. A suggested procedure for the analysis will be 
presented with references to the analytical techniques required.
The first step in the analysis would be to deconvolve the line profile 
from the data as the data is a convolution of the actual line profile and the 
instrument function. This can be done either by the use of Fourier transform 
techniques [Jones, 1983] or using the maximum entropy formalism [Skilling, 
1981], [Gull, Skilling], [Gull, Daniell, 1978]. The line profiles are chord 
Integrated, therefore, to obtain the radially resolved line profile, the light 
at each wavelength from the array of chords must be Abel inverted to obtain the 
intensity at each wavelength from a given radial location in the plasma. In
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order to do this without a full tomographic system some symmetry must be assumed 
for the intensity distribution at each wavelength. This process is discussed 
for several assumed symmetries in the quoted references [Barr, 1962], [Silver, 
1980], [Pohl, 1978], [Sauthoff,1978]. Once the line profile from each defined
region in the plasma, of circular, elliptical or other symmetry is known, it can 
be fitted with a specified function, e.g. a single or double aussian, as was 
done to the data obtained from the simpler system, to obtain the radial profile 
of the ion temperature and fluid velocity.
6.3.6. Some Possible Improvements.
In order to obtain the radial profile of the CV ion temperature the
device must be implemented with more than the 2 chords so far achieved in order
to be able to Abel invert. It is also necessary to obtain a much increased
signal intensity using the echelle so that the device would have adequate
resolution to measure the line profile from the edge chords and to enable the
OMA to be gated to obtain time resolved spectra.
By using a second 1.0m Czerny-Turner, directly coupled to the echelle
spectrometer as a predisperser, the losses associated with the predisperser
could be largely removed. Overlap of the successive spectra can be easily be
e
avoided by rotating the first spectrometer by 90 about its axis. This would 
necessitate the use of a 2-D detector, e.g. a CCD camera. Directly coupling 
the OMA to the spectrometer would also remove the losses associated with the 
scintillator. There is would be a loss of OMA quantum efficiency at the shorter 
wavelengths. In this configuration the spectrum would be spread over twice the 
pixels, as the demagnification stage would be removed. This would reduce the 
intensity per pixel by a factor of two. The overall improvement in total
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efficiency on making these modifications is a factor of 6.0, or in terms of the
counts per pixel, a factor of 3.0. The greater dispersion of the echelle
-1
compared to the 2160.01mm grating in second order would enable the slit width to
be increased by a factor of up to 13.0 for the same resolution. This would give
an estimated 200 counts per pixel spread over 18.0 times as many pixels as with 
—1
the 2160.01mm grating. This signal intensity would be more than adequate to 
make useful measurements. If reduction optics were required, one option would 
be to use a reducing image intensifier before the OMA, with the photocathode 
selected to have high sensitivity at 2271.oX. There are problems associated 
with the use of these devices for high resolution applications in an environment 
where high magnetic fields are present.
Whether this system can be successfully developed and iniplEmented 
HBTXIB/C remains to be resolved.
on
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Time-resolved ion temperature measurements on the HBTX1A reversed 
fieid pinch
C. A. Bunting, P. G. Carolan, and A. R. Field
Culham Laboratory (Euratom /UKAEA Fusion Association), Abingdon, Oxon, 0X14 3DB, England 
(Presented on 19 September 1984)
The energy distribution of the neutral particle emission (200 eV-2 keV) from the H B T X I A  
reversed field pinch has been observed, using a five-channel analyzer, at 20-/zs intervals 
throughout the duration of the discharge. The relative number of high-energy neutrals emitted 
increases with currents up to 250 kA above which there is little change. Preliminary analyses 
show that the ion temperature of the bulk of the plasma is in the range 70-120 eV, rather than the 
few electron volts expected from electron-ion collisions. Equally, the rapid evolution to this 
temperature ( <0.5 ms) is not accountable by equipartition (r^q ~3 ms). Long thermalization 
times ( ~  1 ms), compared with short time-scale excursions ( ~  100//s) in the high-energy neutrals 
indicate that there are nonthermal ions at ~  10 times the Maxwellian temperature.
A five-channel analyzer is used to observe the time-resolved 
(20-//S) energy distributions of the neutral atoms emitted by 
the H B T X I A  reversed field pinch plasma. This work de­
scribes preliminary analyses of measurements obtained from 
a single chord along the plasma minor diameter. The range 
of plasma parameters investigated were currents of 100 to 
300 kA at filling pressures of 2 to 6 mTorr. A  schematic 
representation of the neutral particle analyzer is shown in 
Fig. 1. The neutrals emitted from the plasma are collimated, 
by the entrance slits, and subsequently ionized in a nitrogen 
gas cell (1-2 mTorr). The ions are then dispersed and focused 
into five energy channels by a double electrostatic deflection 
system. The arrangement provides for relatively wide chan­
nel widths at the higher-energy channels and as a conse­
quence, for our range of detected neutral energies, approxi­
mately equal count rates are obtained in all the channels. 
The analyzer incorporates a lithium ion source to measure 
the instrumental function and the relative response of the 
individual channels. To extend the spectral coverage during 
a discharge it is possible to change the dispersion at short 
time scales (10 fis) but for the present exercise the plate vol­
tages are changed on a shot-by-shot basis to study temporal
Fast Valve
Li* Ion Source
Ion Peflector Plates 
N^Cell
I Deflector Plates
5 0 0  Is-' 
Pump 25 Stage E.M,
Sector-1 ie Id Focusing
behavior of the neutral fluxes. Variations in the neutral spec­
trum are most clearly seen in the high-energy region of the 
spectrum which can be encompassed with one voltage set­
ting on the electrostatic plates. Mass selection was not re­
quired as the experiment has been operated in deuterium 
only. The detectors consisted of 24 dynode electron multipli­
ers operated in pulse counting mode. These are more appro­
priate than channeltrons to achieve the 10-fis time resolution 
required. In this period, counts in each channel were typical­
ly 200-300 and thus provide adequate statistics to obtain a 
useful spectrum. The 0.3-10-mV pulses from the detectors 
are amplified by 100 times and passed into a discriminator 
which sets the spontaneous count limit to < 1/s and also 
provides a shaped digital pulse for the five scalar channels. A  
10-fis burst mode clock unloads the scalers into a 16K word 
auto incrementing memory and resets the scalers to zero. 
The time scale for this transfer is sufficiently short so that the 
acquisition of pulses is not interrupted. A  C A M A C  data 
highway that is optically linked to an LSI 11/23 computer is
In
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shot scatter
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Fig. 1. Schematic diagram of the neutral particle analyzer.
ENERGY [keV]
F ig. 2. Neutral atom energy spectra for a range of plasma currents from 
100-300 kA at 3-mT filling pressure of deuterium. Representative channel 
energies are shown for the 100-kA case.
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F ig. 3. (a) The time behavior of neutrals 
emitted from the plasma at five selected 
energies for a plasma current of 200 kA 
and filling pressure o f 3 mT of deuterium, 
(b) Corresponding plot of — 1/slope of the 
neutral energy spectrum in the range of 1- 
2 keV showing large fluctuations for time 
scales o f the order o f 100/zs.
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used to unload the memory module and to control electro­
static plate voltages. The gas cell pressure is also remotely 
monitored using this link.
For a Maxwellian distribution the spectrum takes the
form
dn .
,v )E 1/2 “ p|— j/r.3 /2
where dn is the neutral flux in a channel of width dE , is the 
ion density, Hq the neutral density, is the charge exchange 
cross section, v is the ion velocity, E  is the ion energy, and T, 
is the ion temperature. For a homogeneous plasma a plot of 
\n [d n /d E )E ~ ^ '^ against E  yields the ion temperature. 
{{(Tcx^) varies by only 60% in contrast to neutral flux vari­
ation of several orders of magnitude over a range of energies 
ofO.2-2.0 keV.)
Typical spectra obtained from discharges at 3 mTorr, 
taken over a 1.6-ms period are shown in Fig. 2. The spectra 
are composite ones derived from several discharges to obtain 
the required spectral coverage. Three to four spectral regions 
were used to give sufficient overlap in energy. The low scat­
ter in spectral intensities demonstrate the reproducibility of 
the plasma. In the overlay regions, from the different spec­
tral ranges, the spectral intensity was the same within the 
shot-to-shot variation. This provides a useful check on the 
calibration procedures adopted.
The lower energy region (200-300 eV) of the spectra 
corresponds to T, =  70 to 120 eV for /^  =  100 to 300 kA, 
respectively. These estimates contrast to those expected 
from ion heating by electron collisions which yields T, 
—  few eV. The thermalization time (— 1 ms) for the hotter 
ions (— 400 eV), corresponding to the higher energy spectral 
region (1.0-2.0 keV) in Fig. 2, is longer than the time taken 
( <0.5 ms) to fully establish the spectrum from plasma initia­
tion. Therefore, it is probable that the low-energy region of
the spectrum, where the ions have sufficient time to therma- 
lize, characterizes the ion temperature of the bulk of the 
plasma. The higher-energy neutrals may be dominated by 
ion energy distributions which are strongly non-Maxwel- 
lian.
The presence of nonthermal ions is further emphasized 
by reference to Fig. 3 which shows the time behavior of the 
flux in a number of selected channels during the discharge 
together with the behavior of the slope of the spectral curve 
at high energies. Large excursions in the flux, with charac­
teristic times of 100 //s, are present together with corre­
sponding rapid changes in the slope of the spectral distribu­
tion. These results, consistent with previous work (e.g.. Ref. 
1), suggest that there are noncollisional ion heating mecha­
nisms and nonthermal ions at energies — 10 times the Max­
wellian temperatures.
The mixture of thermalized and unthermalized ions 
makes it difficult to extract distributed ion temperatures, 
along the line of sight, by conventional Monte-Carlo code 
simulation.
CONCLUSIONS
Measurement of the energy distribution of the neutral 
particle flux with a time resolution of 20 fis show that (1) Ion 
temperatures for the bulk of the plasma are 70-120 eV for 
currents of 100-300 kA. (2) Bulk ion temperatures are about 
ten times higher than those expected from collisional equi­
partition with ohmically heated electrons. (3) The energy 
distributions for ions at energies in the range of 700 eV and 
above are predominantly non-Maxwellian.
'Afrosimov et a l., Sov. Phys. Tech. Phys. 5 (1961).
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Spectroscopy of plasmas with a multifiber commutator
C. A. Bunting, P. G. Carolan, A. R. Field®^  and M. J. Forrest
Culham Laboratory (U K A E A /Euratom Fusion Association), Abingdon, Oxfordshire 0X14 3DB,
United Kingdom
(Presented on 12 March 1986)
Spatially resolved spectra have been obtained, during a single discharge, with one spectrometer 
using an optical multifiber commutator (OMC). W e  report results from this device which can be 
preprogrammed to select up to nine viewing chords, via high transmission optical fibers. This 
arrangement has been incorporated with a multichannel (OMA) spectrometer, where the fiber- 
to-fiber switching time matches the basic video scan of the detector ( 16 ms). The spectrometer 
can be operated in medium resolution mode (0.3 A) with a conventional grating or with high 
resolution (0.05 A) by substituting an echelle grating. The apparatus has been used for the 
evaluation of ion temperatures in the source and extraction regions of the Culham negative ion 
source. It is presently employed in JET for the study of the relative impurity influxes from the 
wall, the limiters, and the rf antennas.
INTRODUCTION
High-transmission optical fibers are extensively used (e.g.. 
Ref. 1 ) to relay visible radiation from magnetic confinement 
plasmas to detection systems. The inherent compactness and 
flexibility of the fibers make it feasible to view, not only sev­
eral chords across the bulk plasma, but also important light 
emitting areas such as the plasma vessel wall and the limit­
ers.
An optical multifiber commutator (OMC) has been de­
veloped to exploit the large amount of information transmit­
ted by these arrays of fibers. This device enables up to nine 
fibers to be optically coupled, in a preprogrammed sequence, 
to a spectrometer. The O M C  has been evaluated on the Cul­
ham negative ion source^  with an echelle/OMA high resolu­
tion detection system. It is now in use on the joint European 
torus (JET) for impurity influx studies.
I. DESCRIPTION OF THE OPTICAL MULTIFIBER 
COMMUTATOR
The optical multifiber commutator (OMC) is shown 
schematically in Fig. 1.
The nine input fibers are arranged in a linear array in the 
object plane of the first lens where the two lenses shown and 
the galvanometer mirror form a conjugate system. The first 
lens collimates the light from the fibers to the galvanometer 
mirror where it is reflected into the field of view of the second 
lens. This arrangement produces a 1 : 1 image of the fiber at 
the image plane of the second lens where the light enters the 
fiber, which relays the light to a spectrometer. Commercial 
camera lenses (//1.2, 50 m m  ) are used for the relay optics as 
their flat field performance and high resolving power are 
well suited to this application. (For spectroscopic use at ul­
traviolet wavelengths, quartz lenses may be substituted but 
with some resultant loss in overall coupling eflflciency. ) The 
fibers have an aperture of//1.2 and are therefore well 
matched to the lens system for the central fibers, although 
the outermost fibers suffer some vignetting which results in 
about 30% relative loss in transmission. The galvanometer
mirror is circular and 50 m m  in diameter and, because of the 
elliptical profile it presents to the lens, the field of view of the 
system transverse to the axis is reduced and results in about 
10% loss. Further attenuation ensues from reflectivity losses 
of about 4 %  per surface. Although actual performance is 
somewhat variable, depending on the finish of the fiber ends 
and the fiber position, a range of attenuation factors from 1.7 
to 5 have been obtained.
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F ig . 1. Schematic of the OMC in a typical experimental arrangement.
2015 Rev. Sci. Instrum. 57 (8), August 1986 ©  1986 American Institute of Physics 2015
The galvanometer is a General Scanning, type 300 PD, 
driven by a positional control feedback amplifier. Rotation 
of the galvanometer is via a function generator which is pre­
programmed using an LSI 11/23 stand alone data acquisi­
tion system (SADA) that also controls, and processes the 
data from, the spectrometer OMA. As the function gener­
ator is locally driven, the spectrometer operation can pro­
ceed independently of the fiber selection. By rotating the 
mirror each entrance fiber in turn is aligned with the exit 
fiber allowing a fast (10 ms) fiber-to-fiber commutation. 
The acceleration of the mirror during selection is propor­
tional to the drive voltage from the error amplifier (within 
the constraints of the drive voltage limit ~  10 V) and this in 
turn depends on the positional error of the mirror. This com­
bination of position sensing and slight overcritical damping 
of the amplifier determines the lower limit of the switching 
time.
The commutation is activated by applying the desired 
voltage level corresponding to each position. Long-term 
drift is small amounting to 0.1 fiber diameters per month, 
attributable to amplifier drift. Reliable fiber commutation is 
obtained without loss of performance over many cycles on a 
continuous operational basis.
II. ALIGNMENT PROCEDURE
The use of commercial camera lenses allows the align­
ment to be performed using a reflex camera back with a 
magnifying viewfinder. A  Cannon F4 is used in this applica­
tion as it has the facility of interchangeable viewfinders and a 
variety of focusing screens.
The alignment procedure is as follows: first both lenses 
are set to infinity and the input fiber assembly is removed; 
the camera back is then attached to the input lens and the 
output fiber is positioned to the optic axis and at the focal 
plane of the collimating lens by the use of micrometer align­
ment; the operation is repeated for the input system with 
operation of the galvanometer mirror allowing for rotational 
alignment of the fiber array.
III. EXPERIMENTAL TRIAL OF THE OMC
The O M C  has been used with an echelle/OMA combi­
nation to carry out detailed line-shape measurements of the 
Hg emission from the Culham negative ion source. It is fun­
damental to the understanding of the basic plasma processes 
in such devices to measure the ion temperatures in the source 
and extraction region.
Two telescopes matched to 1-mm Quartz et Silice (QSF 
1000 W )  diameter optical fibers were arranged with their 
lines of sight passing through the plasma volumes of interest. 
These fibers were connected to the input of the O M C  and its 
single output fiber imaged onto the slit (50/i) of a Czerny- 
Tumer 1.0 m  spectrometer. To obtain the high resolution 
required, the conventional plane grating was replaced with a 
Bausch &  Lomb 110x220 m m  echelle grating ruled with
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F ig . 2. Deconvolved H„ spectra from (a) the source, (b) the extraction 
regions o f the Culham negative ion source.
316 steps per millimeter. With an E G & G  1420 optical multi­
channel analyzer (OMA) a measured resolution of 0.05 A 
was achieved at 6563 A. Figure 2 shows the deconvolved 
spectra obtained from (a) the source and (b) the extraction 
region with 400-ms integration times. The O M C  switched 
between the two sampling fibers in 16 ms. The detailed line 
shapes (e.g., fine structure separation) of the emission 
from the two regions of interest are highly relevant to the 
understanding of volume type negative ion sources.
Royal Holloway and Bedford New College, Egham, Surrey, United King­
dom.
'P. D. Morgan, K. H. Behringer, P. G. Carolan, M. J. Forrest, N. J. Pea­
cock, and M. F. Stamp, Rev. Sci. Instrum. 56, 862 ( 1985).
^A. J. T. Holmes, G. Dammartz, and T. S. Green, Rev. Sci. Instrum. 56,364 
(1985).
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T im e sequences o f the spectral emission from the A S D E X  tokamak at the M ax-Planck-Institute  
f iir  Plasmaphysik have been recorded using multichannel survey spectrometers operating over the 
wavelength range 100—70(X) A . During injection o f neutral beams o f hydrogen or deuterium, 
charge-exchange- (C X ) excited lines, mostly An = 1 ,2  transitions from  hydrogenic ions o f intrinsic 
im purity elements or injected trace gases, are prominent throughout this entire spectral region. The  
charge-exchange origin o f the lines is established by the temporal and spatial dependence on the in­
jected beam current and also, in the case o f visible transitions, by their relatively large spectral 
widths. W ith  a beam power o f 1.7 M W  and an extraction potential of 41.5 keV, excitation of in­
trinsic im purity ions, e.g., {n < 1 1 ) and (n < 9 ) occurs routinely while, depending on the 
plasma conditions, other trace impurities, for example, {n = 9 ) , C l’ '^*' in = 1 3 ), {n < 15), 
and Kr"^'*' (n < 2 2 ) are also observed. From  the absolute intensities o f the and 0^+ C X  lines, 
im purity concentrations are deduced. Comparison o f the concentration data derived from the 
vacuum-ultraviolet and separately from the visible intensities allows an assessment of the theoretical 
cross sections for charge-transfer recombination into different quantum states. Spectral line profiles 
o f the C X  transitions in the visible region involving high-n Rydberg states are consistent with bulk 
plasma and ion thermal motion. Coincidence between Rydberg levels o f different ions with the same 
effective nuclear charge offers a plausible explanation for the appearance o f some visible C X  lines in 
the absence o f atomic beams.
I. IN T R O D U C T IO N
Since the recognition that charge-transfer reactions be­
tween neutral hydrogen and ionized impurities'’" provide 
a unique method for measuring the concentrations of im­
purity nuclei, the use of charge-exchange recombination 
(CXR) spectroscopy as a diagnostic technique in high- 
temperature (particularly tokamak) plasmas has become 
widespread. Often, in the past, the diagnostic use of C X  
excitation resulting from H'^  or D*^  injection has been 
parasitic to the main function of the neutral beams, i.e., 
plasma heating. Custom-built neutral beams, however, 
have been developed which, when dedicated to the CX- 
excitation diagnostic, allow spatially resolved measure­
ments of the plasma parameters.^  The volume emissivi- 
ties of the CX-excited lines depend on the product of the 
local neutral-particle density and the impurity concentra­
tion in the plasma. Provided, therefore, that the attenua­
tion of the energy fractions in the beam is modeled 
correctly'' and that the effective excitation rates following 
C X R  are known and contribute a measurable amount to 
the line intensity, then from these data the impurity con­
centrations, even of bare nuclei, can be derived. At im­
pact velocities of the order of an atomic unit (2.2x10^ 
cms“ '), the effective cross sections for C X  excitation are 
considered to be theoretically well established, at least for 
the case of hydrogenic ions involving n ~ m , where m is 
the principal quantum shell of the recombined ion into 
which direct transfer recombination has a maximum 
probability. For hydrogenic ions, the bulk of the states 
populated by charge-exchange collisions decay promptly 
via a cascade of A« =  l,2 transitions between states of 
maximum angular momentum— the so-called “yrast” 
transitions. These transition intensities have been used to 
measure the absolute sensitivity of tokamak-viewing, 
vacuum-ultraviolet (vuv) spectrometers.^  This calibration 
technique has a particular appeal in the present 
experiments on the axi-symmetric-divertor-experiment 
(ASDEX) where both tokamak vuv- and visible-range 
spectrometers viewing the neutral-beam-heated tokamak 
employ multi-spectral channel detectors. An extended 
series of yrast transitions involving principal quantum 
levels from n = l  to 10, or higher, can, in principle, be 
recorded simultaneously.
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One aim in the present charge-exchange experiments, 
which were carried out during the A S D E X  tokamak 
neutral-beam-heating program,^ has been to survey the 
spectrum for CX-excited lines, a task not undertaken ex­
tensively in previous C X  studies. An attempt is made to 
relate the observed yrast intensities to the theoretical C X  
cross sections.^ ’^ An additional objective has been to es­
tablish what fraction of the line intensities, which are 
commonly observed to be enhanced during beam injection, 
is attributable to direct charge transfer from the neutral 
beam and not to concomitant changes in the ionization 
balance or cross-field impurity transport with subsequent 
electron-impact excitation of the recombined ion.^  In typ­
ical tokamak conditions this alternative excitation will 
occur on a time scale > 1 ms, i.e., the characteristic time 
for relaxation of the ionization balance due to electron im­
pact, whereas yrast decay resulting from C X  will follow 
the neutral-beam current time history on a much faster 
time scale. Previous C X  studies particularly of the high- 
quantum-state transitions in the visible region have tended 
to rely, per se, on approximate wavelength coincidences 
with the charge-transfer line and their intensity enhance­
ment during beam injection as corroboration of the C X  
process. Appreciable yrast line intensity prior to and fol­
lowing beam injection and even observations of intensity 
outside the beam irradiation volume'® have complicated 
the simple picture of beam-induced CX. W e  have at­
tempted to differentiate the beam-induced C X  process 
from other excitation mechanisms by spatial measure­
ments and by supplementing the slow multichannel 
readout detectors with fast-response photomultipliers cap­
able of following beam switchoff on a submillisecond time 
scale. W e  concentrate our discussion on those lines which 
have been unambiguously identified as C X  lines arising 
from atomic-beam-heating conditions in the A S D E X  
tokamak in the spectral region 100— 7000 A.
The spectral profiles of the visible yrast lines yield fur­
ther information on ion temperature"’'^ and bulk plasma 
rotation.In the visible region we find that identifica­
tion of the C X  lines is assisted greatly by the contrast be­
tween their large spectral widths and the relatively narrow 
background lines which are typical of edge plasma emis­
sion. Once the C X  character of the lines is established, 
the diagnostic information on ion temperature and rota­
tion is readily extracted and the values are wholly con­
sistent with that expected from the tokamak performance.
The absolute intensities of the C X  lines depend not only 
on the direct-charge-transfer (n,/) cross sections but also 
on possible redistribution of the quantum states due to 
plasma fields and particle collisions.'^  This problem be­
comes quite complex for n > m , see, e.g., Janev.'^  As a 
working relation,
where z is the ionic charge. The cross section for charge- 
transfer recombination directly into levels above m' is 
sensitive to the beam energy and with this in mind the 
neutral-beam energy fractions from the A S D E X  injectors 
have been measured. Various cascade models for calculat­
ing the effective cross section for C X  excitation of the ob­
served lines are considered.
I I .  E X P E R IM E N T A L  A R R A N G E M E N T
The A S D E X  tokamak at the Max Planck Institut fiir 
Plasmaphysik has several different heating methods 
which are currently being studied. The impurity behavior 
during Ohmic-heating discharges, with additional 
neutral-beam injection (NBl) heating, ion cyclotron- 
resonance heating (ICRH), or lower hybrid wave heating 
(LHWH), has been described by Fussmann et a/.'^
Pertinent to the present paper on charge-exchange spec­
troscopy is the arrangement for neutral-beam injection 
heating. Two beam lines, each capable of delivering 1.75 
M W  of H® atoms or 2.1 M W  of D® atoms at a beam ener­
gy of 41.5 keV, irradiate the plasma at an angle of 30“ to 
the minor torus axis. The current for each beam line is 
fed from four sources, pairs of which can be switched in­
dependently. The rise time to reach full beam current is 
—  20 ms typically, whereas the cutoff times of the beam 
sources are relatively abrupt, — 50 ps.
The dispositions of the beam-viewing spectrometers and 
the beam geometry are shown in Fig. 1. Two viewing line 
of sights were adopted, each incidentally intersecting the 
axis of the neutral beam in the outside half of the minor 
plasma diameter. Viewing position A, which was im­
mediately “downstream” of the injection port, intersected 
the beam axis at an angle of 48“ and at a location 19 cm 
from the minor torus axis. Viewing position B, the 
“upstream” viewing position, intersected the beam nearly 
normally, at an angle of 80“ and at a location 28 cm out­
side of the minor axis. Apart from these differences in 
the plasma radii, both viewing lines admitted light from 
nearly the same volume and the same irradiated plasma 
conditions, the beam attenuation at this azimuthal posi­
tion being only about 20%. The downstream viewing po­
sition A was occupied either by a vuv-range spectrometer, 
Model No. 251 from Schoeffel McPherson Instrument 
Co., which with the choice^ of either of two gratings could 
operate from 100 to 1700 A, or a visible-range spectrome­
ter which covered the wavelength region 2200— 7000 A. 
The upstream viewing position was occupied by a similar 
visible-range spectrometer. All the spectrometers were 
equipped with optical multichannel detector systems 
( O M A ’s) with identical recording and control electronics. 
The visible-range instruments had the additional option of 
photomultipliers for faster-time-resolved measurements.
Spectrometer 
line of sight B
Inner 
plasma radius
Outer 
plasma radius
Spectrometer 
line of sight AINJECTOR
F IG . 1. Geometry of SE beam on A S D E X  with hatched 
areas representing the plasma viewed by the spectrometers.
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Light fibers were used to transmit data from the spec­
trometers attached to the torus and a remote, stand-alone 
data-aequisition system (SADA), and to send commands 
in the reverse direction, allowing exploitation of the vari­
ous flexible readout modes of which the O M A ’s are cap­
able. Generally, all 1024 O M A  channels were read out in 
a period of 16 ms. In this “survey mode,’’ 16 ms 
represents the minimum time resolution and up to 128 
frames could be recorded during one discharge. The usual 
practice was followed of taking a spectral scan before 
plasma initiation which was then used to subtract ambient 
light and a "fixed” pattern of noise from the subsequent 
time frames. The 16-ms time frame of the survey mode is 
not sufficiently short to demonstrate the characteristic 
fast time response of the charge-exchange-excited lines, 
whose intensities should follow the neutral-beam current. 
For this purpose it was necessary to operate the O M A  like 
a polychromator, by reading out in time the spectrally in­
tegrated information from a limited number of pixel 
groups. In this polychromator mode it was possible to 
achieve a time resolution of ~  1 ms. A  still shorter time 
resolution ( <0.1 ms) was achieved with the visible-range 
instruments when operated with photomultiplier detec­
tors.
The vuv survey spectrometer, similar to that described 
by Fonck et al,^^ employed 290-lines/mm (1700— 120 A) 
and 450-lines/mm (1100— 100 A) gratings, the dispersion 
elements being remotely interchangeable. The photoemis- 
sive surface of the microchannel plate detector was coated 
with Cul. The vuv instrument had not previously been 
calibrated against absolute photon flux. In the present ex­
periments, however, the plasma emission itself was used 
to measure the relative spectral sensitivity function and 
the calibration placed on an absolute basis (at wave 
lengths > 1200 A) by reference to a standard luminosity 
source, namely, a M g p 2-window D 2 lamp, absolutely cali­
brated at the National Physical Laboratory of the United 
Kingdom. Charge-transfer recombination light from the 
nuclei of the light gases He, C, N, and O  in A S D E X  pro­
vided a convenient pattern of lines for spectral sensitivity 
measurements in the vuv region.
The visible spectrometers, with 1-m Czerny-Turner 
configurations, have a more limited wavelength coverage 
about a chosen central wavelength but have a correspond­
ingly higher resolution than the vuv survey instrument. 
The spectrometer in the downstream position A had a 
2160-line/mm grating while the spectrometer in the 
upstream position had a 1200-line/mm grating, both grat­
ings being blazed for 5000 A  in first order. A  variety of 
dispersions was therefore available from 0.18 A / ( O M A  
channel) in first order with the 1200-lines/mm grating to 
0.05 A / ( O M A  channel) in second order with the higher- 
resolution grating. The corresponding spectral coverages 
over 720 intensified channels were 130 and 35 A.
^ c x ( M = N m ° ) N ( Z ) ( a t ( n l , n ' l ' ) c x V b )  , (1)
where a i{ n l ,n 'r ) c x  is the effective cross section for exci­
tation of the n l-n 'V transition in the recombining ion, 
N { Z )  is the density of the recombining ions with nuclear 
charge Z, and eN{Y\P)Vb is the beam current. Most typi­
cally in practice, the input beam current is known and its 
attenuation in the plasma can be calculated. Thus the 
ionic concentration N [ Z )  can be derived if the effective 
C X  cross sections are known, or alternatively, if N { Z )  
can be deduced from other spectroscopic data, the C X  
cross sections can be derived. In this paper ionic concen­
trations are derived from the vuv C X  data, and with the 
gross assumption that these concentrations are invariant 
over a number of similar discharges, an attempt is made 
to derive the poorly known effective cross sections for the 
visible C X  lines. In order to proceed, however, the beam 
current at the viewing location of the spectrometers needs 
to be calculated. A  first step in this analysis is to measure 
the beam energy components.
Following the technique used by Fielding and Stork, 
D 2 gas at a pressure ~  10~^ torr was admitted to the torus 
chamber and the spectrally shifted light arising from 
the resonance C X  excitation of the fast energy com­
ponents was monitored. The relative intensities of the 
emission from the three beam components at E q, E q/2 ,  
and E q/ 3  shown in Fig, 2 are proportional to the beam
150
Dq  (u nsh ifted )
100
□  50
W avelength
III. C H A R G E - E X C H A N G E  LINE INTENSITIES
The volume emissivity of the lines excited by charge ex­
change with neutral-beam atoms depends on the product 
of the neutral-beam density and the density A(H^) of the 
recombining impurity ion, viz..
F IG . 2. The spectrum o f D „  from a low-pressure ( 1 .5 x  lO* 
torr) D i gas filling in the torus irradiated by the SE beam o f H® 
at £'0=40  keV. The Doppler-shifted charge-exchange lines 
from the three beam-energy components Eq, Eq/2, and Eq/3 
have intensities proportional to the component beam fluxes. 
The power ratio Eq\Eq/2:Eq/3 is 0.41:0.44:0.15
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fluxes j Œ ^ / k )  at these three energies (£'o =  41.5 keV, 
A: =  1,2,3) after correction for the appropriate C X  excita­
tion rates.The derived fluxes when multiplied by their 
beam energy give a relative power ratio for the beam com­
ponents of 0.41 (Eo):0.44 (Eo/2):0.15 {Eq/3).
Model calculations of the beam attenuation, e.g., Isler et 
depend critically on the spatial profiles of the energy 
components of the fast beam and of the plasma density 
and less critically on the electron-temperature profiles. At 
the observation region in ASDEX, the fast-neutral-beam 
profile is well modeled by a single Gaussian on the major 
plane of the torus. The electron-density profile is of the 
form
where a and P are fit parameters (a — 3.5, ^ ~ 5  typically) 
to the unfolded interferometric data. A  radial-density 
profile during a discharge with neutral-beam injection is 
shown in Fig. 3. The attenuation of the input beam is pri­
marily due to charge exchange and ionizing collisions 
with thermal protons when the beam energy is tens of keV 
and the electron temperature spans values from 100 
eV < Tg < 3 keV. Precise calculations taking into account 
charge-exchange collisions with impurity fractions and 
with the depleted proton density leave the attenuation due 
to C X  practically unaltered since the C X  cross sections 
scale almost linearly with Z. In the model calculations of 
the beam attenuation, electron and proton ionization of 
the beam neutrals are also taken into account and the total 
attenuation at the viewing position A is found not to 
exceed 25%.
The volume emissivity of a C X  transition in an impuri­
ty ion, e.g., O  VIII is given by
e ( À ) = A T ( 0 * + )  2  J Œo/k)< T ^ Œ o / k )  ,
k = \
(2)
where a { E Q / k ) is the effective cross section for C X  exci­
tation of a given wavelength A,. Using the attenuation 
code of Isler et al.^ together with the C X  cross sections of
50-25 25-50 0
Shipsey et a C  and Green et the C X  emissivity pro­
files of the three beam components of the n = 2 — 3 transi­
tion in O  VIII are shown in Fig. 4 together with their sum. 
A  nominal 1% oxygen concentration relative to the elec­
tron density has been assumed in the model calculations 
pertinent to Fig. 4. In this paper we have made the work­
ing assumption that N { Z ) / r i e is constant across the plas­
ma profile. Furthermore, in the intersection region de­
fined by the viewing spectrometer, the electron tempera­
ture is sufficiently high [Te(0)~850 eV in Ohmically 
heated plasmas and higher still in beam-heated plasmas] 
for the assumption to be valid that all the light impurities 
such as oxygen exist as bare nuclei and that all therefore 
will contribute to the intensity of the CX-excited lines of 
the H-like species. The emission profile is clearly a con­
volution of the impurity-density and beam profiles, and, 
as illustrated in Fig. 4, can be extremely asymmetric de­
pending on the viewing position chosen.
A  possible correction factor arises from the change in 
ionization balance due to charge-exchange recombination 
during the beam-injection period. This effect can be 
simulated by comparing the probability for C X  recom­
bination of the impurity nucleii, e.g., relative to
reionization, 4-c^O^^, by electron impact during
one transit of the ions around the torus. Since 
^transit < '^ioniz <  ^C X R  < 'J’beam pulse, t^ is probability ratio is 
just the steady-state ionization balance between C X R  and 
electron-impact ionization. Assuming the nuclei are lo­
cated on flux surfaces (/•— 15 cm) and that there is no ra-
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F IG . 3. Electron-density profile for an A S D E X  discharge 
(No. 2) showing the relativity fla t central region.
F IG . 4. The result o f model calculations o f the radial emis­
sivity o f O  VIII ( « = 3 —2») along the line o f sight A (Fig. I). The 
signal from  the three energy components o f the beam together 
with the total is shown for discharge No. 1.
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dial diffusion within an ionization time — 0.7 ms, the rel­
ative probabilities scale as
Sampson^^ gives the criterion for complete statistical mix­
ing as
2L ^  2  )cTcx(Eo/A:)u/
k — 1P c x (re c o m )
e^i ( ioniz ) { Q / ^ ) v , ) n ,
_ A(0^+)
~  A(0®+) ’
(3)
where L =0.4 m  is the toroidal extent of the flux surface 
irradiated by each injected beam and R =  1.65 m  is the 
major radius of the tokamak; <Jcx and a,- are the charge- 
exchange O*"*"-recombination and the electron-impact 
0^+-ionization cross sections, respectively; and ^~0.8 is 
a factor taking into account the attenuation of the beam- 
injected neutral density A(H°,Eo/k ) as it propagates 
through the flux surface. The above ratio is of the order 
of 4 %  with both beams irradiating the plasma. The 
recombination due to the heating beams, per se, therefore 
does not materially affect the concentration of impurity 
nucleii though, of course, on a time scale considerably 
longer than an ionization time, other factors, such as 
cross-field transport and changes in the atomic influxes 
from the plasma boundary, may do so.
A  second possible source of error relates to contribu­
tions from toroidally circulating ions which have been 
produced by charge-exchange recombination and which 
can in principle contribute to the “prompt” C X  line inten­
sity by electron-impact excitation. This “plume” effect'^  
is most serious for the Lyman-series lines of low-Z ions, 
e.g.. He'*'. The magnitude of the plume contribution de­
pends on the beam-injection and spectrometer-viewing 
geometry. In the present experiments the near-radial 
viewing position A, used for the quantitative derivation of 
impurity concentrations, minimizes the intersection with 
the circulating ions. For the nonresonance yrast transi­
tion in this study the effect of electron-impact excitation 
is small in comparison with the charge-transfer excitation 
at 40 keV/amu. The plume attenuation factor'^  being 
^ = d / I r r R q  =  2.5 X ) 0 ~ ^  ensures that the plume effect is 
of minimal importance, where d is the intersection length 
of a magnetic flux tube through the beam-irradiated plas­
ma viewed by the spectrometer, and Iw R q is the circum­
ferential length of the flux tube.
In the above model calculation, the cross section 
for occupying a given quantum state n ,l has had 
to be converted into the effective cross section for the 
prompt emission of a photon (Jx{nl,n' l ' )cx- This problem 
has been discussed by Fonck et u/.and by Isler.^  In the 
simplest (“collision-free”) case where there is no redistri­
bution of the level occupancy following the recombination 
process, contributions to the effective cross section will 
arise from cascade electrons which decay spontaneously 
from upper levels whose initial populations will also be 
determined by charge exchange. In this calculation the 
A„fjj values were encoded up to n =20 from the tables for 
hydrogen published by Green et al.^^ More complex cou­
pling between the levels is possible due to electronic col­
lisions, and in the opposite (extreme) case of high col- 
iisionality the sublevels will be statistically populated.
Z7-5
Mg > 1.18X lO'^  c m “  ^. (4)
For the plasma densities relevant to this study on A S D E X  
and for quantum levels n < m  in hydrogenic ions of the 
light gases, e.g., O  and C, the complete statistical mixing 
model is inappropriate. This comment relates to C X  exci­
tation of the vuv emission lines. For sufficiently high 
quantum numbers, of course, statistical populations are to 
be expected and this condition could be relevant to some 
of the visible C X  emission features. Summers^^ and 
Spence and Summers^'^ have recently carried out more 
precise mixing calculations for the different l  +  +
/ — Ÿ^/-f-ÿ transitions in hydrogenic 
ions. In general these calculations confirm the general 
formula (4).
In a tokamak plasma environment motional Stark ef­
fects due to the thermal motion of the ions across the 
magnetic fields and Zeeman splitting will also alter the 
value of a x in l ,n ' r )Q x and n , l , j may no longer be good 
quantum state designations. These problems will affect 
equal-y states of the same principal quantum number in 
particular and will become increasingly important at high 
n. In the present analyses a “half-mixed” decay scheme is 
adopted^^ in which the almost degenerate states of equal j  
are mixed for n < m , while for n > m , all the levels are as­
sumed to be statistically populated.
In addition to the first-order C X  collisions with the 
fast-beam atoms, a second-order contribution to the C X  
signal is to be expected from those C X  collisions which 
involve the thermal ( ~  1 keV) neutrals produced by the 
first-order reactions. This “halo” contribution is not con­
strained to the beam-plasma interaction volume but will 
be spread throughout the plasma cross section. At 
thermal energies, high-» levels are not populated to any 
appreciable extent by charge-transfer collisions involving 
ground-state hydrogen atoms.The halo correction will 
therefore only affect the vuv lines, and in particular the 
Balmer-a transition of the recombined nuclei. Assuming 
straight-line random trajectories for the thermal neutrals, 
the correction for the additional halo signal, in Ovill, 
« = 3 — 2, is calculated typically to be < 2 0 %  of that ex­
pected from the C X  reactions involving the fast beam. In 
this study the absolute errors in the derivation of impurity 
concentrations, etc., exceed this fraction and the halo con­
tribution has been neglected.
IV .  R E S U L T S
A . The vacuum -ultraviolet spectrum
A  sample 16-ms time frame of the vuv spectrum during 
the Ohmic-heating phase in A S D E X  is shown in Fig. 5. 
The strongest features of the emission are mainly reso­
nance lines from the light elements C, N, and O, from 
wall material such as Fe, and occasionally from S injected 
as H 2S for ion transport studies. The truncated spectral 
band. Fig. 6, shows schematically how the spectral
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F IG . 5. Spectrum taken with the vuv survey spectrometer at Is  into the Ohmic-heating phase o f A S D E X  discharge. Exposure 
time is 16 ms. The pixel number refers to the reticon readout position. Approxim ately, w ith the 450-lines/m m  grating, pixel 
10 0 =  10  ^ Â  and pixel 10^= 100 Â .
750 800 850
Pixel No.
F IG . 6. Superimposition o f spectral features with different 
heating modes in A S D E X . The dotted features are prominent 
during IC R H  heating; the dashed features appear only during 
neutral-beam injection. The background (solid line) spectra are 
typical for Ohm ically heated plasmas.
features change during different operating conditions in 
ASDEX. No ordinate scale is shown here since there is a 
considerable difference in the average signal level between 
Ohmic- and auxiliary-heated plasmas. The Ohmic spec­
trum, which may be regarded as the “basic” emission 
spectrum, is shown as a solid line in Fig. 6, overlaid by 
features which appear characteristically with the different 
heating methods. ICRH heating, for example, enhances 
the metal (Fe) spectrum. Charge-exchange-excited lines 
are only present during beam heating. Figure 7, for exam­
ple, shows the full bandwidth covered by the 450- 
lines/mm grating at the end of the beam-injection pulse. 
The An =  1,2 transitions from O^^, and C^"*" dom­
inate the spectrum during the beam injection and rapidly 
disappear as the beam current is switched off (30 ms be­
tween time frames). Line blending is a problem with the 
limited resolution of the vuv instrument but in most cases 
the C X  features are clearly registered. The Qvill 
« = 4 — 5 transition at 633 A, for example, is quite distin­
guishable during beam injection from the neighboring 
strong line of O  F at 629.73 A, Fig. 7. The C X  feature at 
134 A  is unfortunately a blend of C VI, « = 2 — 4 at 135 A 
and Nvii, « = 2 — 3 at 134 A. The minority C  VI com­
ponent of this line intensity can be assessed ly reference 
to the strength of the C VI, « = 2 — 3 at 182 A  using the 
relative C X  cross sections.^  Identification of the weaker 
C X  lines is made easier by dividing numerically the 
beam-on spectrum by the spectrum taken after the beam 
switch-off. W e  note that lines from hydrogenic ions of 
the light elements, in first, third, and fifth orders, can ac­
count for nearly all of the C X  features identified in this
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F IG . 7. The vuv survey spectrum (with 450-lines/m m  grating) at two different times during an A S D E X  discharge. The lower 
spectrum is taken at 1.4 s just after the switch o ff o f the neutral beams. The upper spectrum is taken at 1.370 s during the beam in­
jection. Exposure times for both spectra are 16 ms. A ll the features annotated are charge-exchange-recombination lines which appear 
only during the beam-injection period.
way.
In order to confirm that the C X  line intensities mimic 
the beam current, the vuv instrument was also operated in 
the group-pixel (polychromator) mode. In contrast to the 
markedly different behavior of the resonance lines which, 
due to changes in ionization balance and transport, show 
intensity variations on a tens of milliseconds time scale 
throughout the discharge, the CX-excited lines (Fig. 8) de­
cay abruptly in 1 —  1.5 ms following beam switchoff. A  
more detailed analysis of this sharp reduction in the C X  
intensities has been made by unfolding the detector phos­
phor decay time, using a maximum entropy approach. 
The results, illustrated in Fig. 9, indicate a residual level 
with a much longer time constant which could be due to 
background continuum or line blending within the 
“monochromatic” pixel grouping chosen to represent the 
main C X  line.
Following Isler and Langley,^ the C X  line intensities, 
when compared with their relative effective cross sections 
for their excitation, may be used to determine the spectral 
sensitivity curve for the vuv instrument. The inverse sen­
sitivity is shown in Fig. 10 for the 290-lines/mm grating. 
The sensitjvity curve is placed on an absolute basis at
A.> 1200 A  by reference to a standard lamp. The 450- 
lines/mm grating, in turn, can then be determined by 
referring to the 290-lines/mm-grating C X  data, assuming 
that the impurity concentrations do not change 
throughout a sequence of similar discharges. The spectral 
sensitivity has a maximum at 220 A  and its shape at this 
end of the spectrum can be derived with confidence from 
the C X  results. At the long wavelength end, X> 700 A, 
the C X  lines are weaker, the instrument less sensitive, and
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F IG . 8. The vuv survey spectrometer (with 450-lines/m m  
grating) operated in the polychromator mode showing that the 
intensities o f the charge-exchange lines follow the neutral- 
beam-injection current. The background line emissions due to 
free-electron excitation do not show this sharp decrease in inten­
sity following beam switchoff.
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F IG . 9. (a) T im e response o f a typical C X  line during 
neutral-beam switchoff measured by vuv survey instrument in 
polychromator mode, (b) A fte r deconvolution o f the phosphor 
decay, the charge-exchange signal shows a more abrupt step due 
to the cutoff o f the neutral beam followed by a pedestal w ith a 
more gradual decay. This post-beam residual signal may be due 
to blended background line emission whose time variation is as­
sociated w ith ion transport and ionization balance changes, (c) 
Assumed inherent time response o f detector.
the linkup with the absolute values from standard lamp 
results less convincing than had been hoped for.
Having calibrated the vuv spectrometer against absolute 
photon flux, it is then straightforward to measure the irra­
diance of those resonance lines which are prominent dur­
ing the Ohmic-heating phase. Using an ion impurity 
transport code“^ to predict the line-of-sight depth for each 
of the emitting ion species, the volume emissivity and 
thence the impurity concentrations are derived in the 
same manner as described, for example, for the Joint Eu­
ropean Tokamak (JET) plasma."^
Again, as for the JET plasma, the analysis is more 
secure for the more highly ionized metals than for the 
lighter elements, the former being in near-coronal ioniza­
tion balance in the body of the plasma. The light ele­
ments emit in the vuv only from low ion stages located 
close to the plasma periphery and their derived central 
concentrations rely critically on the transport model.
Typical values for impurity concentrations derived 
from the resonance line intensities during Ohmic heating 
are as follows:
A(0)(from Ovi, 2j-2;?)=4XlO" c m “^
-9X10-^ Mg(0 ) ,
iV (S ) ( fro m  S X IV , 2 x -2 p ) =  5 x  10*^  c m " ^
~1X10-^ nAO) ,
7V(Fe)(from FeXVl, 3x-3p)= 1 X 10^  cm - 3
- 2 X 1 0 - 5  72,(0) .
The oxygen concentration is high relative to that quot­
ed recently’^ where the smaller values are perhaps more 
appropriate to a lengthy period of continuous tokamak 
operation and wall conditioning. One cannot, of course, 
assume that the impurity concentrations (above) apply 
during the beam-heating phase when impurity sources and 
ion transport are known to be modified. Accumulation of 
the impurities especially of the metals is a feature of im­
proved confinement, which is observed in particular in the 
so-called “quiescent H  modes,’’ during beam injection.^  
However, the derived concentrations (Ohmic) provide a 
guide to those expected during “normal” beam injection 
when enhancement factors of between 4 and 10 are com­
monly experimenced.
In order to derive impurity (nuclei) concentrations in 
the hot core of the plasma during the beam-injection 
phase, we turn our attention to absolute intensities of the 
C X  lines. The abrupt change in the C X  signals following 
beam switch-off (Fig. 8) are proportional to the impurity 
ion densities at the end of the beam-heating pulse, and can 
be converted into absolute nucleii concentrations using the 
appropriate modeling code."^  In fact, the survey spectral 
time frame near the end of the beam pulse, see, e.g., Fig. 
7, represents a wider data set and this readout mode was 
more commonly used to derive absolute line intensities. 
These intensities, in units of irradiance 
(photons cm-^s~M are shown in Table I for two separate 
discharges. Nos. 1 and 2, and are to be compared with the 
model calculations assuming a nominal impurity level of 
1% of «e(/*=0). Scaling the nominal concentration to fit
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FIG. 10. Sensitivity of vuv survey instrument (290-lines/mm 
grating) based on the relative intensities of the CX lines at short 
wavelengths and normalized to the absolute sensitivity using a 
D, standard lamp at À> 1150 A. O, Cvi, A, N vii; X, Qvii; #, 
D 2 lamp.
the observed irradiances yields the derived impurity con­
centration (Table I, right-hand column) relative to the 
central electron density «,(r =  0). The concentrations are 
not completely self-consistent due to shot-to-shot varia­
tions in the data used to derive the instrument sensitivity 
and the line intensities shown in Table I. In addition, 
however, systematic errors may well have been introduced 
due to the subtraction of line blends and background light 
in the extraction of the monochromatic line intensity
from the survey spectrum. The results indicate an oxygen 
enhancement over the Ohmic values which is not more 
than a factor of 2. Again, a factor of 2 encompasses the 
range of concentrations derived from separate beam- 
heated discharges. A  value of the effective core ion 
charge Z,ff =  2.5 is derived from the present analyses, 
whereas visible bremstrahlung measurements of Z^ ff of 
the order 1.5 is more typical in A S D E X  with beam heat­
ing.
B. The visible and quartz uv spectrum
Operating in the visible part of the spectrum offers 
many advantages in terms of instrument versatility, spec­
tral resolution, and the availability of luminosity stan­
dards for absolute calibration. Furthermore, the use of 
optical components such as fiber optics, mirrors, and 
quartz windows enables spatial scans of the plasma emis­
sion and remote operation of the spectrometer from the 
torus vacuum system. However, the cross sections for C X  
recombination into the high n > m  states which are re­
sponsible for the visible C X  transitions, are thought to be 
considerably lower than the values for n < m . Typically 
they are less by a factor like 10~^ at 40 keV/amu beam 
energy, and considerably less still at low beam energies of 
the order < lOkeV/amu. As pointed out by Fonck et 
a/., *5 the absolute cross sections for C X  recombination 
into high-n states are not well established either from 
model calculations or by experiment. With these points in 
mind and encouraged by the vuv results, a complete 
survey of the visible spectrum from A S D E X  in the spec­
tral region 2500— 7000 A  was undertaken.
Standard, beam-heated discharges in D 2 and in He were 
studied while the beam particle energy per amu could be 
changed by switching from H  to D  injection. Several 
strong C X  line features are observed which can be attri­
buted to recombination with O, N, C, and He nuclei. 
Spectral surveys in the vicinity of the principal Hell, Cvi, 
and Oviii Lines are shown in Figs. 11, 12, and 13. The 
Hell spectrum was recorded with He as the working gas 
while the C V I and O  V II I  spectra were intrinsic impurities 
in a D 2 plasma. The Hell spectrum was obtained while 
commissioning the visible spectrometer on viewing line A. 
A  later improvement in the sensitivity of the apparatus
TABLE I. CX radiances in the vuv from ASDEX and deduced impurity concentrations. 1 gigarayleigh = 1 G R =  10'^
photons cm  ^s '
Experimental
irradiance
(GR)
Wavelength
No. 1 
450/mn
No. 2 
290-g/mm
Model irradiance 
from CX code (1% 
concentrations of 
impurity assumed)
Impurity concentrations 
relative to central 
electron density
Element Transition (A) grating grating (GR) No. 1 No. 2
0 n =2-1 19 18.2
0 n=3-2 102 32.4 12.1 1.06%
0 72=4-3 293 29.3 22.1 10.7 0.98% 2.13%
0 22 =5-4 633 28.7 21.1 11.8 0.80% 1.86%
0 72=5-3 200 8.0 4.8 0.78%
C 72 =3-2 182 59.9 24.8 7.41 3.28% 4.08%
C 72 =4-3 521 39.7 ' 24.4 8.87 1.92% 2.73%
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traction o f the first two frames yields (below) the broadened C X  
contribution to the line intensity.
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F IG . 12. T im e sequence o f O v ill in = 8 —7) emission prior to 
(t, ) and during beam injection (/] -f-17 ms and t| + 3 4  ms). The  
breadth o f the C X  feature, relative to that from the recycling 
edge lines, e.g., O  I I I ,  as well as its temporal variation are im por­
tant features o f the C X  signature. (Viewing geometry A . )
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F IG . 13. T im e sequence o f C X  emission in a portion of the 
visible spectrum. The top frame indicates the emission prior to 
beam injection, the middle fram e illustrates the complexity of 
the C X  features appearing during beam injection, and the bot­
tom frame, derived from  subtraction o f the above two frames, 
gives the resultant C X  features. (Viewing geometry A . )
was effected by optimizing the mirror viewing optics and 
changing the grating from a 1200-lines/mm holographic 
grating to a 2100-lines/mm ruled grating blazed for 5000 
A. Thus we now would expect for a D? plasma seeded 
with only 1% He to have the same C X  signal-to-noise ra­
tio as shown in Fig. 11.
As with the vuv lines the spatial and time dependence 
(see later) of the Rydberg transitions in the visible region 
are uniquely identified with their charge-exchange charac­
ter. In the visible region, however, an additional identify­
ing feature of the C X  lines is their large spectral widths 
relative to neighboring lines. The latter are emitted from 
the cool plasma boundary where the temperature is typi­
cally <50 eV whereas the C X  lines exhibit mass motion 
and thermal broadening characteristic of the bulk of the 
plasma. Figure 12, for example, illustrates the spectral 
width and temporal difference between Ovill n =7— 8 
and a neighboring O  I I I  line at 2983.78 A  during the beam 
switch-on phase.
Figure 13 illustrates several interesting features within a 
relatively narrow spectral region. In addition to the Cvi 
n = 7 — 6 line at 3434 A  we can also observe a An =  2 line 
from O VIII A2 =  ll— 9 at 3488 A  and ajine, tentatively 
identified as Sxvi « =  13— 12, at 3464 A. Ion tempera­
tures of ~1.5 keV, obtained from the Doppler widths of 
the O  VIII ion emission and from the Sxvi line agree 
within experimental error, while that from the Cvi line is 
smaller at ~750 eV. A  single Gaussian fit to the Cvi 
line, shown in Fig. 14, indicates that the line is a compos­
ite of the C X  Cvi n = 7 — 6 line blended with other, possi-
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ments like Ti, Fe, Mo, and other metals do occur with rel­
atively high abundancies in the He- or Ne-like stages in 
the plasma core at typical tokamak temperatures. Identi­
fication of these elements by means of C X  recombination 
leads to a search for the corresponding lines from the Li- 
and Na-like ions. W e  report here on the first CX- 
recombination spectra from Li-like sulfur and Na-like 
krypton. A  more detailed analysis of these experiments 
will be published elsewhere.^  ^ The investigations were 
made by puffing H 2S or Kr into the discharge during the 
NBI heating phase. The gases were added at a constant 
rate over periods of between 200 and 300 ms. Concentra­
tions of S and Kr thus achieved are estimated at 
10“ —^ 10”  ^of the electron density. In the case of sulfur 
all An =  l transitions of the Li-like ions in the range 
2500<À<7000 A, i.e., « =  11-10 to « =  15-14, have 
been observed. In the same way all seven transitions 
« =  16— 15 to « =22— 21 of Na-like Kr could be found. 
As an example (Fig. 16) the appearance of the « =  11— 10 
line of after switching on the NI beam at t =  1.10 s 
is due to the residual amount of sulfur which remained 
from puffing into previous discharges. Following an in­
jection of H 2S at f =  1.25 s, the intensity is seen to in­
crease and Doppler profiles with linewidths of ~2 A  
(yielding T, ~  3 keV) have been recorded.
Electron temperatures in these discharges were mea­
sured to be relatively low, 7^(0)— 1.5 keV. At the inter­
section position of the NI beam and the line-of-sight of
bly CX, emission from outside the beam-interaction 
region. Positive identification of the lines at 3449 and 
3497 A  have not been made but, in common with several 
similar weak features seen in the visible region only dur­
ing beam injection, they appear to have a genuine C X  sig­
nature. The time dependence of their intensities differs 
markedly from, say, the N IV triplet, Fig. 13, which is 
present before the neutral injection pulse. The weak line 
at 3430 A  is probably Fix « = 9 — 8. Supporting evidence 
for this identification is given by spectra. Fig. 15, taken 
when the plasma vessel was contaminated by fluorine 
from insulating material (Teflon) during titanium- 
gettering experiments. In Fig. 15 the Fix intensity is 
comparable with that from C VI.
It is clear also that the C X  spectra are not confined to 
hydrogenic species of the light elements. Heavier ele-
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F IG . 15. Illustration o f the additional F ix  C X  line on the 
blue wing o f C V I in  = 7 —6) during beam injection when fluorine 
is a contaminant in A S D E X  (viewing geometry A . )
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geometry A .)
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the upstream spectrometer B ( r ^ 25 cm, see Fig. 1), is 
approximately 0.6 keV. At these low temperatures the 
majority of sulfur ions are expected to be in the He-like 
state (>90%), whereas the completely ionized atoms are 
in the minority (a few percent only). For this reason the 
H-like C X  lines, such as the /i =  12— 11 line of in 
Fig. 16, are weak.
Comparing H-like with Li-like atoms, we have to note 
that in the latter three-electron systems the energy degen­
eracy with respect to the orbital quantum number I is at 
least partly removed. In the case of high / ( / ~  « —  1 ) the 
outer electron is in nearly circular orbits and the energy 
levels are thus very close to those of H-like atoms with ef­
fective charge number Z  — 2. Conversely, in the case of 
low / we have highly eccentric orbits with less-screened 
nuclear charge. For the Li-like S + transition n =  11— 10 
shown in Fig. 16 the /^/ —  1 components are predicted to 
be shifted by as much as 125 A  for the lowest / with 
respect to the high-/ (>7) components. The^ latter, for 
(Zeff=Z — 2 =  14), coincide ^ within AÀ=0.3 A  with the 
H-like wavelength À =  2678 A. For intermediate values of 
/, e.g., the 3-2 satellite lines, still-large shifts of A À =  — 5.5 
A  are predicted in the experiments; however, no strongly 
shifted components nor closer satellite lines could be ob­
served, this being the case for the Li-like lines as well 
as for the Na-like Kr^ *^^  lines. In the case of the Na-like 
spectra, qualitatively the same effects are to be expected. 
The centroids of the detected lines agree well with the H- 
like approximations for Zgff=Z — 2 and Zeff=Z — 10, 
respectively.
The O  VIII spectra are particularly interesting, not only 
in the context of plasma diagnostics, but also because of 
our observations of high (« =  11) quantum state popula­
tions. Hitherto, the line at 2976 A  « = 8 — 7 has been used 
by other authorsas a diagnostic indicator of ion tem­
perature and plasma rotational velocity. ^ Scant regard has 
been given in the literature to the 4340-A  « = 9 — 8 line of 
O  VIII because of its proximity to H^ and D^, while the 
6068-A  « =  10— 9 line, as far as we know, has been com­
pletely ignored. The 2976-A line. Fig. 12, is well separat­
ed from other lines and is an excellent candidate for plas­
ma diagnostics but does suffer unacceptable attenuation 
when ducted through long, ~100-m, fiber-optic links as 
in the JET exjDeriment.^ ® Blending of Hy and Dy with the 
O  VIII 4340-A line is more of a nuisance than a serious 
limitation since the C X  feature can often be unfolded by 
spectral subtraction techniques and multiple Gaussian 
fits. This task is further eased by viewing the beam- 
interaction region at an appropriate angle so as to shift 
spectrally the C X  feature from the hydrogen edge emis­
sion wavelengths in response to the bulk plasma rotation. 
Perhaps the most significant observation^’ with the widest 
diagnostic potential is the O  V lli  « =  10— 9 line at 6068 A, 
Fig. 17. In this illustration of a single time frame during 
beam injection viewed along line-of-sight B, the 6068-A 
line is compared with the narrow fiducial lines from a 
neon lamp which are used as fixed wavelengths markers 
during the NI heating pulse.
The weak C X  feature on the far red wing of the 6068-A 
line is tentatively identified as Nvil « =  12— 10. In com­
parison, the neon linewidths indicate the resolution of the
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F IG . 17. Charge-exchange line o f O v ii i  (10—9) superim­
posed on neon lamp lines. The narrow neon lines indicate the 
instrument function and act as wavelength markers from which 
the mass motion shifts can be derived (viewing position B. )
spectrometer. Toroidal rotations as high as 3X 10^  ms~' 
have been recorded from the spectral shifts of the Oviii 
lines, during injection at a beam power of 4 M W .  With 
viewing line B, the analysis of the line profiles. Fig. 17, is 
complicated by plasma effects such as rotational shear in 
the viewed plasma volume as well as thermal broadening. 
Moreover, at visible wavelengths, Zeeman splitting and 
polarization should be included in the line-shape analysis. 
Stark splitting due to the electric fields (~3X10^ V/m) 
seen by the ions as they gyrate about the magnetic field is 
of the same order or larger than Zeeman splitting and to­
gether these effects will exceed the separation of the more 
intense «/— >«'/' transitions as shown, for example, for the 
« =  10— 9 line in Fig. 18. However, the total range of 
wavelengths spanned by the fine-structure components 
greatly exceeds the wavelength splitting due to Zeeman 
and Stark effects so that the overall shape of the observed 
spectral feature is more influenced by the population dis­
tribution of the / states and their decay rates. As confir­
mation, the shape of the 6068-A C X  line remained unal­
tered after transmission through a polarizer. lon-ion col-
c3
JD
O
^  6060.0
U)c0>
6074.0
O)c
6060.0 6074.0
6068.2Â  
X(&)
F IG . 18. Fine-structure components o f O v i i i  (10—9), the in­
clusion o f which distorts the therm ally broadened profile at 
T, =  l keV.
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FIG. 19. Time response of charge-exchange visible lines with respect to the neutral-beam current.
TABLE II. Charge-exchange-recombination lines in the range À = 2500— 8000 Â  observed from ASDEX.
Element Transition k (A )
Relative intensities 
from spectral 
response (a.u.) Comments
He II n = 4 —3 4686
n = 5 —3 3203.25 a
n = 6 —4 6560.10 Could be blended with
a, Dg
n = 7 —4 5411.52 a
C v i n = 7 —6 3434 38.4 a
n = 8 —7 5291 28.5 a
7 1 = 9 -8 7717 13.3 a
N  VII 7 1 = 8 -7 3887 5.0
7 1 = 9 -8 5669 10.0 a
71 =  1 0 -9 7926 4.2 a
71 =  1 2 -1 0 6085 2.0
O v i i i 71 = 8 —7 2976 70.0 a, Good line for profile
and intensity analysis
7 1 = 9 -8 4341 14.1 Blended with Hy
71 =  1 0 -9 6068 17.7 a, Good line for profile
and intensity analysis
71 =  1 1 -9 - 3488 5.5
F ix 7 1 = 9 -8 3430
S x v i 71 =  1 3 -1 2 3464 16.6
71 =  1 2 -1 1 2695.8
Sxiv 71 =  1 1 -1 0 2678
71 =  1 2 -1 1 3521
71 =  1 3 -1 2 4524.5
71 =  1 4 -1 3 5702
71 =  1 5 -1 4 7068
Cl XVII 71 =  1 3 -1 2 3067 25.0
Krxxvi 71 =  16— 15 2504
71 =  17— 16 3021
71 =  1 8 -1 7 3605
71 =  1 9 -1 8 4206
7 1 = 2 0 -1 9 4990
71=21—20 5798
7 1 = 2 2 -2 1 6689
“Profile analysis requires deconvolution from residual pre-NI signal and/or from line blending
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T A B L E  I I I .  Visible C X  irradiances from  A S D E X  and deduced im purity densities. 1 G R  =  10*^ 
photons cm ~^s“ * and is the principal quantum number above which statistical mixing o f the /  states 
is assumed in the model calculations.
Transition
Experimental
irradiance
(G R )
Prediction o f C X  
code w ith the 
assumption o f 1%  
ionic concentration 
relative to 72g 
(G R )
Derived concentration 
(relative to 72^ )
(% )
C v i 72=7—6 (wavelength is 3434 A) 0.185
o -x(7-6 )cx , Ref. 33, 72^  =  7 0.131 1.41
o -x(7-6 )cx , Ref. 34, 72c =  7 0.068 2.72
ax(7—6)cx» Ref. 33, 72c =  8 0.308 0.60
ax(7—6)cx, Ref. 34, 72c =  8 0.076 2.43
O v ii i  72= 8— 7 (wavelength is 2977 A ) 1.46
o -x(7-6 )cx , Ref. 33, 72c =  9 0.495 2.95
<rx(7-6)cx. Ref. 34, n, =  9 0.150 9.73
(zx (7 -6 )cx , Ref. 32, n ,= 9 0.511 2.86
lisions for these high quantum states such as n =  10,9 in 
O v i i i  ensure that the I states are almost completely sta­
tistically populated.*'^  An important consequence of the 
electric and magnetic fields arising from the plasma envi­
ronment is that the levels will be driven into statistical 
populations even more readily than in a field-free situa­
tion. Precisely because the high quantum levels are in or 
near statistical equilibrium, then any populating process, 
be it C X  recombination into /~7?i levels or electron- 
impact excitation, e.g., from the ground-state to
the 72 =  10, / =  1,2 states, will result in the appearance of 
yrast transitions. It is therefore of even more significance 
in the case of the visible lines to confirm their C X  charac­
ter by their temporal correlation with the neutral-beam 
current.
A  photomultiplier detector was used on the viewing line 
B spectrometer to monitor the detailed time evolution and 
decay of the A 72 =  1 transitions in C v i and O vill. The 
frequency response of the detector (up to 10 kHz) was suf­
ficient to follow the rapid switch-off of the beam current 
and to differentiate therefore between C X  excitation and 
electron-impact effects following ionization balance 
changes which take place on a much longer time scale, 
typically 10~^ s or longer. The upper bound of the detec­
tor response resulted from the insertion of a 10-kHz filter 
which improved the signal-to-noise ratio of the photomul­
tiplier without severly compromising the time response. 
Both the photomultiplier signal and the sum of the volt­
ages from the four sources of the viewed neutral beam 
were fed into a LeCroy 8210 analog-to-digital converter. 
A  lOO-jus sampling time was used to produce the time his­
tories as shown, for example, in Fig. 19. In this figure the 
neutral-particle beam is terminated by switching off suc­
cessively each of the two pairs of sources. The double 
step in the line intensities is closely correlated with the 
beam current on a 0.1-ms time scale, thus uniquely identi­
fying the lines as C X  features.
Having established from their wavelengths, from their 
spectral broadening, and from their correlation with the 
beam current that the visible lines annotated in Table II
are definite C X  features, we can now proceed to relate 
their absolute irradiances along viewing-line J to effective 
cross sections for C X  excitation into high quantum states. 
The experimental results, averaged over several 
discharges, are shown in Table III. The data have been 
analyzed for several cascade-corrected models ranging 
from an unmixed decay through the “limited Ay =0 
mixed” model to the “half-mixed” model. In Table III we 
note the critical quantum state above which statistical 
mixing is assumed. For the oxygen n =  8— 7 transition the 
data of Fritsch^  ^and Ryufuku^^ give a very reasonable 
impurity concentration relative to an electron density 
without introducing statistical redistribution in the / lev­
els. The cross section from Olson^ '* gives an emissivity 
which is five times too low. For carbon, the cross sections 
from Olson^ '^  give reasonable results, as do the results of 
Ryufuku^^ using the onset of statistical mixing at 72^ =7. 
Without an independent measurement of the impurity 
density, it is difficult to decide which model is correct. 
Assuming invariant impurity concentrations from the vuv 
sequence of discharges to the later visible sequence, the 
agreement for oxygen and carbon between the vuv data, 
Table I, and the visible data. Table III, is reasonable con­
sidering the factor-of-2 variations which appear within 
the vuv data set.
W e  now turn our attention to the spectral broadening of 
the C X  feature as seen along viewing-lines A and B. The 
downstream viewing-line, A in Fig. 1, is practically along 
the torus major radius and so will not register toroidal ro­
tation. The shape of the lines is adequately interpreted in 
terms of thermal broadening with ion temperatures typi­
cally in the 1— 2 keV range. Viewing-line B, on the other 
hand, accommodated a large component of any toroidal 
motion and in consequence the spectral lines suffered 
time-varying shifts during the injection pulse which were 
of the same order as the thermal broadening. Unfor­
tunately, rotational shear in the viewed plasma interaction 
region makes it difficult to describe a unique value to the 
toroidal momentum in the plasma. The toroidal rotation 
in A S D E X  reaches a value of ~ 3 X  10^  cms~*, the exact
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value depending on the disruptive magnetohydrodynamic 
behavior in the plasma. The results, however, are con­
sistent with the vuv C X  spectral widths measured on 
DITE.'^
V. DISCUSSION
Neutral-beam injection into the A S D E X  tokamak has 
been shown to produce a rich spectrum of charge- 
exchange lines extending from the vuv into the visible. 
The most intense lines are, as expected, the An =  1 yrast 
transitions resulting from charge-exchange recombination 
of impurity nucleii such as and In the
vuv survey spectra, taken in relatively low resolution, line 
blending is a problem but nevertheless all of the expected 
C X  features from these elements have been identified. In 
the visible region many C X  lines have been identified in 
H-like C, N, O, F, S, and Cl, and several have been noted 
to have diagnostic potential.
There remain in the visible spectrum, however, many 
other weaker line features which also exhibit all the 
characteristics of charge-transfer recombination but 
which still remain unidentified. It is clear that the long- 
wavelength lines have considerable potential for exploita­
tion as diagnostic indicators of mass motion and thermal 
broadening, these parameters being conveniently isolated 
with different but simultaneous viewing chords. An ex­
tension of this work using the Cvi n = 8 — 7, Oviii 
72 =  10— 9, Hg, and He II 72 = 4 — 3 transitions in JET dur­
ing H q beam injection into JET has recently been carried 
out.^ ^
The analysis of the visible C X  line intensities in terms 
of impurity fractions also appears promising. The actual 
values for the effective cross sections of high quantum 
states 72 > 772 are not well established and they vary sensi­
tively with the relative velocity of the colliding particles. 
In the high-energy range with impacting velocities greater 
than 2.2X 10^  cm s“ *, a 72 “rolloff’ in the cross section
(J c x ^ n ,l)= a Q x {m  )
772
(5)
i.e., the Oppenheimer rule,^  ^appears to be moderately ac­
curate. The 72 dependence, however, does not provide a 
smooth correspondence with the calculated data such as 
those provided, e.g., by Olson^ "^  for the high quantum 
states. This problem is presently being pursued by the au­
thors using the charge-exchange-recombination spectrum 
of He^^ in the A S D E X  tokamak where a 72 rolloff, 
a~2.5, is indicated. From the present work at 40-keV in­
jection energy, it appears that the close-coupled atomic- 
orbital model^^’^ gives the most consistent interpretation
at 72 >  772.
A  complication which has been noted in this study and 
by others’^ relates to the C VI lines, e.g., 72 = 7 — 6, Fig. 14. 
Such lines can have appreciable intensity outside of the ir­
radiated plasma volume and are present even without 
beam injection. In the 20-keV beam-injection DITE 
tokamak^ the “residual” Cvi intensity, i.e., that which 
remains after accounting for charge exchange with the 
atomic beam on is adequately explained by electron- 
impact excitation of the spatial ionic population of
which is modified by charge-transfer recombination with 
the background thermal neutrals. In the present experi­
ments with higher beam energy the residual signal is less 
than in the DITE experiment, though C X  with back­
ground thermal neutrals before and after the atomic injec­
tion pulse might still play a role. The situation with the 
C v i  lines is complicated by possible blending with the 
same principal quantum jump in Li-like O  VI. The latter 
can result from charge transfer between H° and In 
the case of Rydberg states, blending of lines from several 
different ion species is always a potential problem but this 
is especially so for charge exchange with ions whose 
charge states are equal such as ion Z  with a charge state 
of ( +  z) and ion Z  -f2 with a charge state of ( -fz) and is 
particularly relevant to C^ "^  when is a major impuri­
ty species. The fine-structure splitting in the Li-like ion 
results in several widely separated O  VI line components, 
the identification of which, in principle, can establish the 
presence of this ion. In the 72=7— 6 transition of O  VI, 
for example, the I p —6s, the l d —6p, and the l i —6h tran­
sitions lie at 3067.4, 3313.9, and 3433.9 A, respectively. 
However, with collisional mixing of the / states, the 
weighting of the yrast decay is heavily biased towards 
A/ =  1, /~72 —  1, leaving the 3434 A  as by far the most in­
tense component. The viewing geometry on A S D E X  en­
sures that the 3434-A emission is mainly due to charge ex­
change with the core concentration of rather than 
with the near-edge plasma concentration of A
“line-of-sight” tangential to the plasma periphery would 
have emphasized the
In order to demonstrate that coincidences in wavelength 
due to transitions between Rydberg levels in different ele­
ments is a problem in tokamaks, a separate experiment 
was performed on the DITE tokamak. Adopting a simi­
lar visible spectrometer to that used on ASDEX, it was 
first established that the Ovill (72 =  10— 9) line had no 
measurable intensity during Ohmic-heating discharges. 
Following injection of a gas puff of neon, however, a 
prominent line identified as NeVlll (72 =  10— 9) at 
6068.2±0.2 A  was observed with a spectral width corre­
sponding to an ion temperature of 300 eV along with nar­
rower neon lines from the plasma edge. The wavelengths 
O v i i i  (72 =  10— 9) and the observed Neviii (72 =  10— 9) 
transitions are coincident within the thermal width of the 
neon ion; the mechanism by which the 72 =  10 level of 
Ne VIII is populated in ohmically heated plasma has not 
been established. Charge-exchange recombination into ex­
cited background hydrogen H°* -t-Ne^ '"'—^H+ -{-(Ne^ "^  )* 
is a strong possibility since He-like impurities are per­
vasive ion species in tokamaks and have appreciable con­
centrations even in the outer regions of the plasma. 
Whatever the populating mechanism, however, it is clear 
that Rydberg-level coincidences between ion species such 
as H-like ion Z  with a charge state of (z —  1 ) +  and ion 
Z  4-2 with a charge state of (z —  l)-f are likely to cause 
confusion in the absence of beam injection.
A  further consideration is the effect on the effective 
charge-exchange cross section of excited states, e.g., H°* 
(21, etc.) in the impacting atom. This has been highlight­
ed recently by Rice et al.^^ who ascribe the “anomalous” 
intensity of the high numbers of the Is^-lsnp series in
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Ar*^ "^  to charge-transfer recombination between Ar*^ '*' 
and the finite excited-state populations of background 
thermal atomic hydrogen in the region of the plasma 
edge. In the present experiments excited states of the 
thermal halo neutrals and of the background atomic hy­
drogen can contribute, in principle, to the total C X  cross 
section into the upper levels, favoring those levels with
n = m ' 'n * , where n * is the excited state of the atomic hy­
drogen. For charge transfer between =2) and
the preferred level for C X  would be 7i ~  10. An assess­
ment of the excited-state contribution can be made from 
the relative magnitudes of the populating processes for 
n > m '; viz..
JV(H°)tacx(£t h L t +  A^ (H X a c x ( E t  h L j,
7V(H“)îacx(£**)/AA'(0* + )ft +Af(H'>);acx<£r*)/rA'(0*+). ’
(6)
where R is the ratio of the beam signal to the total 
charge-exchange signal from excited states of halos and 
background neutrals present due to recycling at the plas­
ma edge. The subscripts b, h, and r refer to the particle 
densities and C X R  rates, Œq x , in the beam interaction re­
gion, in the halo volume, and in the volume of the recy­
cled atoms, respectively. The starred quantities represent 
excited-state populations in atomic hydrogen. The L , l  
symbols are the plasma depth viewed through the beam 
and the thermal atoms, respectively. Two sources of 
thermal hydrogen need to be considered, namely, the 
background thermals which recycle at the plasma 
boundary and whose concentration in the plasma core in 
A S D E X  is several orders of magnitude less, typically, 
than that of the beam neutrals. The second source of the 
thermal neutrals is the beam halo whose concentration 
can be within an order of magnitude of the beam atoms. 
The cross sections for charge-transfer recombination into 
Rydberg states of impurity nucleii from excited («*) 
states of atomic hydrogen relative to that from the 
ground state scales approximately as n * ^ / | m /m n  * | 
i.e., Excited atomic states are therefore highly ef­
ficient at transferring electrons to levels (for example, 
72 =  10 in Oviii) which give rise to visible C X  emission. 
In steady-state conditions with 72^ —  5x10'^ cm~^ and 
Te > 10 eV, the 72 =2 level in hydrogen has a population 
which exceeds 1% of the ground-state population, about a 
quarter of this being in the 2 ^ 51 / 2 metastable state. These 
simple arguments therefore indicate that there is good 
reason to be concerned with the contribution to the C X  
visible signals from excited hydrogen. However, regard­
ing the halos, a consideration of the relative mean free 
paths for excitation versus charge transfer indicate that 
these ~  1-keV-energy neutrals suffer one or more C X  col­
lisions typically before being lost from the plasma. Their 
lifetime within the body of the plasma is too short, by at 
least an order of magnitude, for excited-state populations 
to become established. Thus the factor #(H^)% in the 
above equation for R is negligibly small and the effect of 
halo excited states can be dismissed in the A S D E X  experi­
ment. The slow-recycling hydrogen atoms at the plasma 
boundary, on the other hand, can acquire an excited level 
population which^^ does contribute through charge 
transfer to the populations of the Rydberg levels in im­
purity ions. This contribution can become dominant with 
tangential viewing near the plasma boundary radius where 
the recycling hydrogen has still an appreciable density
~ 5 X  10^  (H° atoms)/cm^ (it can be an order g magnitude 
or more at the walls) and where the highly ionized, typi­
cally H- and He-like species, diffusing out from the core 
have not yet recombined. The radial viewing geometry, 
line-of-sight A, adopted for the absolute cross-section 
measurements in this study, serves to minimize Ij. in Eq. 
(6) and therefore the contribution to the C X  signal from 
excited background hydrogen atoms. The above con­
siderations are very dependent on the transport to the 
outer plasma layers. Clearly, in the case where there is no 
C X  signal prior to or succeeding the beam injection as in 
the O  VIII signals, excited states in the recycled atomic hy­
drogen play no role. However, during beam injection the 
recycling rate of atomic hydrogen from the walls is likely 
to be increased and the solution of the problem depends 
on numerical models for the diffusion and transport of 
ionized impurities and of neutral hydrogen.
The presence of excited states in the beam itself is final­
ly a problem to be considered. Lorentz fields induced by 
the motion of the beam across the toroidal field are suffi­
ciently high to ensure the rapid depopulation of metasta­
bles via the s,p states to ground. At a field of 0.5 kV/cm 
the ls ,2 p states of hydrogen have already about equal 
probability for decay, and for higher metastable levels the 
fields required are considerably lower.^ * External to the 
plasma, therefore, the beam population is negligible. In 
the plasma environment, however, excited-state popula­
tions of the atomic beams do exist as demonstrated by the 
appearance during the beam-injection period of Balmer 
emission with shifted wavelengths corresponding to the 
beam-energy fractions. The excited-state population can 
be estimated using a simple model in which collisional ex­
citation by protons and electrons populates 72 =2  and 
depopulation occurs by radiative decay. The differential 
equation for the rates is
C?/ 2 2
=  VfjUpn 172„ - f  < VeGe >72 j 72^ -  Z l 21 « 2  , (7)
where is the beam velocity. After setting
d n 2 / d t = d n 2 /dX v i, and considering 72^  = 7 2 g equal to a 
constant and (veGg) also constant, the following solution 
obtains for the case in which the 72 =  1 density remains 
approximately constant:
n 2 iX ) Vhii,
‘21
[1—  eXp(— y42,%/U6)] •
(8)
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W e  note that the characteristic length to achieve a 
steady-state excited population depends only on and 
the transition probability of the n = 2  states,
^ 2 i/Ufe =  (4.78XlO^)/(2.72xlO^)=1.78 cm - 1
Therefore, the asymptotic steady-state population ratio 
is achieved by the time the beam particles penetrate only 
a very short distance into the plasma. Taking or = 7
X l O ~ ' ^  fan \cf-V) ( n  rr \ =cm^ (40 keV), ugCTg ) 3.5X 10  ^ cm^s
=  2.72Xl0^cms % and =  3x 10^  ^cm  ^gives
« 2  ,
—  =  3.4X10-^ .
« 1
Assuming the scaling (above) of i n * ÿ ,  we must conclude 
for the 40-keV component that approximately 40% of the 
71 =  10 excitation of arises from the 7 7 = 2  population 
in the beam. The lower energy beam components have 
somewhat smaller fractions of n = 2 , and the fraction also 
depends on the plasma density. It does not seem, in con­
clusion, that charge exchange from the excited levels of 
the beam atoms can be completely neglected compared to 
excitation from the ground state. The excited-state 
corrections involved in this series of experiments, howev­
er, are of the same order as the errors involved in the data 
reduction.
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THEORY
The optical fibre is  a cylindrical d ie lectr ic  waveguide for the 
directed transmission o f electromagnetic waves at optical frequencies. 
The fibre type considered here was a step indexed type (Fibrosil 
QSF-600-W) with the re frac tive  index varying as in F ig . l .  A simple 
ray treatment gives a f i r s t  insight into the mechanism of fibre  
transmission. Refering to F ig .2 ., rays entering the fib re  at an angle 
A are guided by repeated total internal reflection at the refractive  
index drop at the core cladding interface. Meridional rays entering at 
an angle greater than A^, the acceptance angle, related to the 
numerical aperture, NA, and refractive index by
NA = n g S i n A ^  = ( n i ^ - n g ^ ) ! / ?  ( 1 )
are lost from the core and absorbed in the P.T.F.E. coating and sheath. 
In (1 ) ,  no is the re frac tive  index outside the f ib re , n^  the re frac tive  
index in the core and ng the refractive index in the cladding. Skew 
rays not intersecting the f ib re  axis can be transmitted to a degree 
dependent upon fibre symmetry.
The optical path length for a given fibre  length depends upon the 
incident angle A, the maximum path length being for an incident angle 
Aç. This causes dispersion of a ligh t pulse transmitted down a long 
f ib re  run.
Some lig h t penetrates the sheath on re flection  due to the 
evanescent part of the wave having a f in ite  probability of being in the 
sheath, higher incident angle rays undergo more reflections and are 
therefore attenuated to a greater extent. Attenuation and dispersion 
can therefore be reduced at the expense of a reduced acceptance angle.
Attenuation mechanisms are o f three types:-
i )  End losses, not d irec t ly  considered here as the measurement was 
o f internal transmission and as end losses may be reduced using 
an index matching f lu id .
i i )  Scattering and absorption losses in the fib re  core and cladding 
material .
i i i )  Geometrical effects  on the lig h t path.
Considering only internal attenuation, we must consider scattering
and geometrical effects .
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Scattering losses are of two types:-
1 ) In tr ins ic  scattering losses due to density fluctuations in the 
core, frozen in at manufacture, which cause Rayleigh scattering 
resulting in an attenuation, «, given by
a = (n 2 -l)KT^
where n is the refractive  index, X the wavelength, K the 
isothermal compressibility and T the freezing temperature. This 
gives an attenuation of 0.4 dBm“  ^ at 2200A, about 10"^ that 
measured (see [ 2 ] ) .
i i )  Extrinsic scattering is  due to impurity ions in the core, e .g. 
Fe3+, Cu^ ‘‘‘, OH”, inducing composition Muctuations causing 
Rayleigh scattering. The f ib re  considered here was of a 'wet' 
type with a comparatively high 0H“ concentration. Absorption in 
the in fra  red due to excitation o f vibrational modes of the OH" 
ion is increased in ' wet' fibres but the short wavelength 
scattering is  reduced. The impurity ions also increase 
absorption due to photon excitation of electrons into unfilled  
energy levels. This absorption mechanism is  of primary 
importance in the u ltra  v io le t .
Geometrical anomalies such as faults  in the cladding, bends, 
tapering and ellipsoidal cross section scatter the rays out o f  the 
range of optical paths transmitted by the f ib re . The only geometrical 
variable under the control of the experimenter was bend radius, 
decreasing the bend radius decreases the numerical aperture and 
increases the attenuation, see [1 ,2 ] .  The wave equations for E and B 
can be solved for the waveguide in the cylindrical approximation 
showing that the l ig h t  propagates as discrete modes. The f ib re  
considered here has a core radius very much greater than the wavelength 
leading to many closely spaced modes, higher order modes correspond to 
greater angles of propagation to the axis in the ray picture, 
geometrical and compositional anomalies can be shown to transfer energy 
between modes, ultimately to unconfined non-propagating modes leading 
to loss, see [2] for a discussion of th is  complex treatment.
THEORY OF THE ÆTHOD
Consider a length of f ib re , length L^, with end transmissions T^, 
T i l .  ThG scattering losses may be considered using a simple 
exponential scattering law i f  i t  is  assumed that scattering and 
absorption events occur at mean separations much less than the fib re
- 2 -
length. Giving, with an incident in tensity  Ig, a transmitted 
intensity,
Il = IoTiTiie-“Li (2 )
with Ig, I i ,  Ti, T i l  and a the attenuation c o e ff ic ie n t, all functions 
of wavelength and a dependent on f ib re  material and geometry.
A second longer f ib re  of length Lg, illuminated under the same 
conditions with lig h t levels measured by the same detector as fibre  1, 
gives
I  2 = IoT2T22e'*^2 ( 3 )
Combining (1) and (2) gives
with in dB/unit length given by = lO logig(e^).
I f  end losses were quantified the attenuation could be found from (4 ).
Manufacturers data gives an attenuation of 10 dBkm"  ^ a t 6500A, a 
factor of 10-3 less than that measured at 2200A.
Assuming a=0 at 6500A would give from (4)
^ TiTii (5)
^  ^ 2 ^ 2 2
enabling a measurement of T 1 T 1 1 /T 2 T2 2  to be made d irec tly . This term 
is shown to be constant with wavelength to within the accuracy required 
in appendix. 1.
METHOD
To measure the attenuation of the fibre using the principle  
outlined above i t  is  necessary to illuminate fibres o f d iffer ing  
lengths with monochromatic l ig h t ,  at various wavelengths covering the 
range of in teres t, under identical conditions for each fibre  whilst 
holding the fibres at the same bend radius and then measure the l ig h t  
transmitted by each fib re  with the same detector.
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A mercury lamp has emission lines in the appropriate region, l ig h t  
from such a lamp being imaged onto the entrance s l i t  of a Rank Hilger 
Monospek 1000 to select the lines required. All optics was either  
fused s i l ic a  or MgFlg coated A  ^ with adequate transmission and 
re fle c t io n , for the purposes of the experiment, down to 2200A.
Light from the exit s l i t  is  imaged onto the f ib re  ends by a fused 
s i l ic a  lens, the f  number of the incident cone being greater than that 
required to fu l ly  f i l l  the acceptance cone o f the f ib re . The fibre  
accepts a 4A bandwidth, s u ff ic ie n t ly  small for this investigation. 
Micrometer adjustment enables illumination o f  two fibres a lternately  
under similar conditions.
Two fibres of length 0. 925+/ - 0 . 001 m and 3 .8 8 + /-0 .01 m are used, 
both bent around the same bend radius. The transmitted lig h t from each 
fibre is  measured using the same area of the cathode of a RCA 4840 
photomultiplier with a quartz envelope, run at a dynode voltage low 
enough to ensure adequate l in e a r i ty ,  a correction being made to each 
resu lt by closing the spectrometer entrance s l i t  and measuring the 
stray l ig h t  and dark current a t each condition. At the longer 
wavelengths diffused lig h t from a He Ne laser (6529A) is used as the Hg 
lamp is  in su ff ic ie n tly  bright in this region.
Below a setting of 2300A the l ig h t  from the mo no spec is  
contaminated with stray l ig h t  a t a longer wavelength. Glass f i l t e r s  
with negligible transmission below 3500A are used to measure only the 
stray l ig h t in ten s ity , a correction being made to the measured 
in tensity to take into account the absorption o f the stray l ig h t  in the 
f i l t e r ,  thus the intensity o f the short wavelength transmitted l ig h t  
could be deduced a fte r  removal o f  the stray l ig h t  component. The 
f i l t e r  transmission is measured at the wavelength o f the stray l ig h t  
using a region of stray l ig h t  nearby uncontaminated with short 
wav el ength 1 in es.
RESULTS
Measurement o f the transmitted l ig h t  intensity for each fibre  and 
wavelength, X, I^ fx ) ,  Ig fx ) ,  corrected for stray l ig h t  and dark 
current, along with measurement of the f ib re  lengths L^, Lg enables 
calculation o f the attenuation, a, assuming th a t, as previously 
explained, a = 0 .0  at 6529A. Treatment o f errors from the measured 
uncertainties is  explained in appendix. 2. The resu lts , corrected for 
end losses and errors, are shown in F ig .4. fo r  2 304A to 6529A and in 
Fig. 5. for 2304A to 3200A in dBm~ .^ Manufacturers data for the 
QSF-W-600 f ib re  and similar fibres with d if fe re n t  core diameters is  
shown in Fig. 3. and Table. 1.
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CONCLUSIONS
The results presented here provide estimates of the attenuation of  
QSF-W-600 f ib re  over the wavelength range 2300Â to 6529A where data 
were previously unavailable. Extrapolation down to 2271A, where the 
fibres are intended to be used for doppler broadening measurements on 
CV (2271A) in HBTXIA, gives an attenuation of 3.8+/-1.0dBm"^ marginally 
acceptable for the use intended.
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Appendix.1.
Treatment of the Wavelength Dependence of the End Losses
I t  is  required to estimate the magnitude and wavelength dependence 
of end loss term (T^T^^ ) / (T 2 T 2 2  )• The fib re  ends could be seen to be 
plane perpendicular to the fibre axis to within 10°. Assuming we have 
two fibres with ends 5° and 10° from perpendicular, Fresnel s equation 
gives
T 2 2  = l-(n2cos0i-nicos02)/(n2cos0i+nicos02) (6)
where T ^ ^ 2  is  the transmitted fraction on passing from media refractive  
index n^  at incident angle to the normal into media re frac tive  index 
n 2  a t emergent angle 0 2  to the normal. This enables calculation of  
(T iT i i  ) / (T 2 T 2 2  ) at the two extremes used in the measurement.
The refractive  indices of fused s il ica  at these wavelengths are
n(6300A) = 1.45
n(2300A) = 1.52
I f  n^  refers to the 10° fibre then calculation gives
( T iT i i ) / ( T 2 T 2 2 ) = 0. 982 at 2300A and 0.984 at 63 00A.
This gives an insignificant variation in end losses with 
wavelength in comparison with the measurement errors. Other possible 
sources of end loss, e .g . obscured or chipped ends, should be constant 
with wavelength. End losses could therefore be considered a constant 
systematic error.
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Appendix.2.
Treatment of Errors
Owing to the limited time available to carry out the experiment 
only two fibres were used, making a s ta tis t ica l treatment o f errors and 
end losses impossible. The error treatment used here represents the 
propagation o f measurement uncertainties only.
Errors were calculated for the attenuation by operating on (7) 
with the chain ru le , (8 ) .
a = 10 logioe (1/(L ^-Lg) l n d i / 1 2 ) + const) (7)
da = (da/dL) dL + (da /d f)d f (8)
where f  = I 1 / I 2 , L = L  ^ -  L2  
giving
da = 101 og2gG [ l / ( f L )  df -  Anf/(L^)d L ] « 101 og^^gCe^] (9)
The errors in L were so small as to make the second term in (9) 
negl ig ib le .
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